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The Production of Radioisotopes by Spallation’ 


By L. G. Stang, J’., M. Hillman, and E. Lebowitzt 


Supplementary Keywords: production, radioisotope; produc- 
tion, accelerator; activation, neutron; activation, charged par- 
ticle; accelerator; theory, applied; data compilation; data 
handling; cross section and yield; fission product. 


Abstract: This report is intended to provide a practical basis 
for planning to produce radioisotopes by spallation. For this 
purpose, it includes extensive tabulations of calculated yields 
of products from virtually every possible target element 
bombarded by 200-MeV protons. In addition, the effects of 
bombarding energy and choice of target on product yield are 
examined, Several advantages of the spallation process relative 
to fission are enumerated. 

The work reported uses the thin-target spallation cross- 
section formula that was derived empirically by Rudstam. 
Examination of this formula shows that, for a given nuclide 
zl” (where Z= atomic number and A= mass number) pro- 
duced from a given target of mass A,, the spallation cross 
section goes through a maximum when the bombarding 
particle energy, E, is around 100 MeV. However, when thick 
targets are considered and the accompanying attenuation of 
beam intensity is taken into account, an incident particle 
energy of 200 MeV is shown to be a good practical 
compromise between the unmanageably thick targets that 
would be required for efficient use of much higher energy 
particles and the decreased product activity that would be 





*The complete report on this work is USAEC Report 
BNL-50195(T-547), The Production of Radioisotopes by 
Spallation, Brookhaven National Laboratory, Associated Uni- 
versities, Inc., August 1969. The entire text of that report, 
only slightly edited, is given here. The original report includes 
three supplementary tables: an auxiliary table (Table 4), which 
lists Z numbers with names of corresponding elements and vice 
versa, and two tables of computer-derived spallation-product 
data, one arranged by product desired (Table 5) and the other 
by target used (Table 6). From these tables, only the explana- 
tory notes and first entries of Tables 5 and 6 are given here. 
They will show to the reader the comprehensive nature of the 
data given in the complete report—some 160 pages of data on 
elements from Z = 3 to Z = 92. 

+ Brookhaven National Laboratory, Upton, N. Y. 11973. 


encountered at lower bombarding energies. In this connection, 
the axial distributions of a typical product activity along the 
beam path in a thick target are shown graphically for 800- and 
200-MeV incident protons. In addition, the yields of unwanted 
by-products are shown to be many times as great at 800 MeV 
as at 200 MeV. For a given E, the yield of zi* increases as Ay 
approaches A, 

The yield in millicuries of a” from a thick target is 
described by an equation that contains a suitable correction for 
the variation of spallation cross section with (decreasing) 
energy as the bombarding particle traverses the thick target. 
The equation applies to bombardments by protons, neutrons, 
deuterons, or alpha particles, provided that the appropriate 
ranges of the respective particles are used. The accuracy of the 
results is commensurate with that of the Rudstam formulation 
(i.e., within a factor of 3 of experimentally determined values, 
where such a comparison could be made). This equation was 
programmed for computer solution, and tabulated results show 
the independent yields produced by a 200-uA beam of 
200-MeV incident protons bombarding for 24 hr targets that 
ranged from lithium to uranium, The data are arranged in 
Table 5 by product desired and in Table 6 by target used. 
Table 6 gives the activities of the radioactive products (with 
half-lives greater than 1 min) as well as the production cross 
sections of both radioactive and stable products. 


The term spallation, meaning a process involving 
chipping something away, refers to a nuclear reaction 
in which the bombarding projectile has sufficient 
energy to cause the struck nucleus to eject several 
nucleons. Such reactions make a wide variety of 
products, many of which can be made in no other way, 
but until recently this type of reaction was not a 
source of significant quantities of radioactive material. 
However, the increasing availability of accelerators that 
produce high-current beams of high-energy particles is 
making spallation a practical route to useful quantities 
of otherwise unavailable nuclides. The purpose of this 
report is to provide a practical basis for future planning 
in the use of spallation to produce radioisotopes. 
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ADVANTAGES OF THE SPALLATION 
PROCESS 


The spallation reaction resembles the fission pro- 
cess in that a given target isotope produces many 
nuclides of various masses and atomic numbers in 
yields that are a smooth function of the mass number. 
Therefore the separation of one spallation product 
from another or from the target material is under- 
standably similar to the separation of one fission 
product from another or from the fissile material, and 
the same technology and even the same equipment can 
be used for both kinds of work. Both fission and 
spallation provide products of very high specific 
activity. 

However, there are important differences that, in 
some respects, make the spallation reaction even more 
attractive than the fission process, which has already 
been proven highly useful for producing copious 
quantities of radioactive products: 


1. Fission products are limited to the region be- 
tween mass 72 and mass 161, and nuclides producible 
in good yields are confined to the mass regions 81—108 
and 126—154. (The use of plutonium, rather than 
uranium, as the fissile material and/or of fast, rather 
than thermal, neutrons to cause fission can increase the 
yields outside these limits, but practical considerations 
have prevented these. measures from being used by 
isotope producers.) On the other hand, spallation can 
produce almost any nuclide of mass number lower than 
the mass number of the target nuclide. 

2. Fission products are not only confined to the 
above mass regions, but they are also further limited to 
neutron-rich nuclides. However, spallation can produce 
both neutron-deficient and neutron-rich nuclides. For 
example, an antimony target would easily produce 
nuclides such as ''®"!?!In, which can be produced in 
fission, in addition to nuclides such as <!!*5In, which 
cannot be produced in fission. 

3. The yield of any given fission product, as noted 
above, is determined by the mass number of the fission 
product, the nature of the fissile nuclide that produced 
it, and the neutron energy involved, and hence for 
practical purposes virtually nothing can be done to 
change the values. With spallation the yield of a 
darticular nuclide of interest can be maximized by 
proper choice of the target nuclide and of the energy 
used. These effects are discussed in detail below. 

4. Spallation is induced by >5S0-MeV particles. 
Machine acceleration of such particles requires that 
they be charged. This charge allows beams of the 
particles to be steered, focused, and switched from one 


target to another by use of appropriate electromagnets. 
This kind of flexibility is not found in reactor neutron 
irradiations and implies that selected areas of specially 
shaped targets can be irradiated. This could be of 
importance in maximizing the heat dissipation from 
the target without loss of part of the beam (i.e., one 
could irradiate a long flat target placed edgewise to a 
beam that has a long, narrow transverse shape and use 
the high surface-to-volume ratio of the target to help 
dissipate the heat without wasting any of the beam by 
allowing it to miss the target). 

5. By choosing the proper energy for the bombard- 
ing particle in the spallation process, one not only can 
maximize the yield of a particular nuclide from a given 
target but also can minimize the relative amounts of 
by-products that are formed. Therefore the separation 
process can be simplified, at least in principle. For 
example, data from Fig. 10-8 of Ref. 1 indicate that in 
the curve for spallation yield vs mass number when 
?°°Bi is used as a target, the full width at half- 
maximum (FWHM) is as shown in Table 1. 


It is interesting to contrast this dependence on 
energy with the invariable situation that obtains in the 
thermal neutron fission of 775U, in which the maxi- 
mum yields occur at fixed masses and the FWHM is 
approximately 17 mass numbers for each of the two 
peaks in the fission-yield curve. It must be acknowl- 
edged that this apparent advantage of spallation over 
fission is not as great as it might seem at first, for two 
reasons: (1) As long as any by-products at all are 
produced, which is the case in both processes, some 
separation scheme is necessary, and often the impor- 
tant consideration is not the number of impurities 
present but rather whether there are impurities present 
with chemical properties similar to those of the 
product. (2) If one has available an existing accelerator, 
the particle energy may not be variable, and, if the 
energy is so high as to give an objectionably flat 
yield-vs-mass curve, there may be little that one can do 
about it except to try to degrade the energy with 
absorbers placed ahead of the target—a procedure that 


Table 1 Characteristics of Dependence of Production 
Cross Section on Product Mass for a *°° Bi Target 





Proton energy, MeV 400 4000 
Maximum cross section 

(Omax.), mb 108 18 
Location of dmax, 

(mass number) 196 
FWHM (mass numbers) 11 68 





ISOTOPES AND RADIATION TECHNOLOGY, Vol. 8, No. 1, Fall 1970 





ISOTOPE PRODUCTION AND DEVELOPMENT 


has the twofold disadvantage of reducing the total 
intensity of the beam and of spreading it out over a 
larger area. 


CROSS SECTIONS OF SPALLATION 
REACTIONS 


The systematics of spallation have been well 
worked out by Rudstam.? Although Rudstam’s origi- 
nal paper should be consulted for the derivation of his 
cross-section formulation and his discussion of the fit 
of the data, it will be useful at this point to examine 
his formulation in order to note the effect of certain 
variables on the cross section and to obtain a clearer 
picture regarding what can and cannot be done to 
change product yields. 

Rudstam gives the following expression for the 
cross section (in millibarns) for the production of a 
nuclide with atomic number Z and mass number A 
from a target of mass number A; by use of either 
protons or neutrons of energy EF (MeV): 


o(Z,A) © [F(A;)] [f2 E)] [P] {1 — [0.3/(PA,)] ¥* 
exp [—P(A; — A) — 11.8 A°-*5 
IZ— 0.486A + 0.00038A? |*] (1) 


for (PA +) > 1, where 


P=20E°:7’ for E< 2100 MeV (2) 
and F(A;) and f,(E) are given by graphs from which 
the following values were read: 


A; 0 40 80 120 160 200 
F(Ay),mb 200 600 1050 1650 2350 3200 


(For interpolation, we assume a strictly linear relation- 
ship between pairs of values of F(A;); from the nearly 
linear relationship of the entire set of values, it can be 
seen that this assumption introduces no significant 
error.) 








180 
190 
200 














For E = 240 MeV, f2(E) = 1. 


Effect of Varying Energy 


Rudstam? states that an inspection of the cross- 
section formula indicates that, for a given combination 
of target and spallation product, the maximum yield is 
obtained for 


P= 1/(A;— A) (3) 


He also notes that the corresponding irradiation energy 
is obtained from Eq.2 and that substituting these 
values in Eq. 1 gives the maximum independent yield 
of the nuclide with atomic and mass numbers Z and A. 
For example, if A; and A are kept constant (e.g., at 
100 and 97, respectively) and E is varied (e.g., from 
298 to 235 to 121 MeV), the cross section indeed goes 
through a maximum— in this case the relative values 
being 0.119, 0.124, and 0.112, respectively. Thus, if 
one considers only one particular target for producing 
a given product, there is an optimum energy given by 
the relationship 


1/(A; — A) © 20E°:77 (4) 
for E < 2100 MeV. 


However, in practice, before an irradiation energy 
is chosen, three factors in addition to this apparent 
optimum energy must be considered: 


1. Unless a variable-energy machine is available, 
reduction of beam energy requires the use of absorbers, 
which also results in attenuation of the beam intensity, 
in beam spreading, and in the production of secondary 
bombarding particles that produce contamination in 
the target. This effect becomes more pronounced as 
initial beam energy increases. 


2. Use of a higher energy of the bombarding 
particle requires a correspondingly thicker target to 
stop the entire beam or to slow the bombarding 
particles down to a particular energy. The effect of 
beam energy on target thickness and the effect of 
target thickness on beam attenuation via nuclear 
interaction are discussed more fully below. At this 
point it is sufficient to note that excessively high 
energies require awkwardly thick targets if the beam is 
not to be wasted and the process allowed to become 
inefficient. 


3. One should also not overlook the fact, brought 
out in Table 1, that, as the bombarding energy goes up, 
the selectivity of product goes down and one produces 
considerably more contaminating by-products that 
have to be removed. 
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Effect of Varying Target 


Since it may be either impossible or undesirable to 
vary the bombarding energy and since the spallation 
process is not restricted to a particular target, a more 
practical question may be: “In general, what is the best 
target to use to produce a given nuclide with a fixed 
bombarding energy?” If Z, A, and E are kept constant 
and A; is varied, one sees that the maximum yield of 
(Z,A),, is obtained when A; is close to A. For example, 
if EF is 800 MeV (corresponding to P = 0.116) and A; is 
taken successively as 105, 107, 109, and 111, the 
relative cross sections of (Z,A) are 92.8, 75.1, 60.8, 
and 49.2. 

(Note that there is no discrepancy between this 
statement and Eq. 3, which predicts a maximum yield, 
since, in Eq. 3, P rather than A; is being varied.) 


CALCULATION OF PRODUCT ACTIVITY 


Before deriving an equation by which the spallation 
product activity can be calculated, it should be noted 
that the Rudstam formula is for a “thin” target, ie., 
one in which the beam intensity and the particle 
energy are not significantly reduced: as the beam 
traverses the target. The attenuation in beam intensity 
can be taken into account in a straightforward manner 
by multiplying the initial intensity, J), by exp (—no,x), 
where n is the number of atoms per cubic centimeter 
of target, o, is the total nuclear cross section of the 
target in square centimeters per atom, and x is the 
target thickness in centimeters. 

However, if the target is thick enough to degrade 
the energy of the unattenuated part of the beam, one 
has to be concerned about the effect of energy on the 
cross section. The targets of interest to the isotope 
producer are those which are thick enough to stop all 
or a large fraction of the beam. For example, the 
tabulations that comprise the bulk of this report are 
based on initial proton energies of 200 MeV, and the 
target thicknesses are taken to be whatever is necessary 
to slow the protons to 50 MeV. Clearly in this case the 
effect of the changing energy during traversal of the 
target must be considered. It turns out that in the 
region of A; — A = 3, which, according to the discussion 
in the preceding section, is the region of high yield (for 
a given A) and hence the region of greatest practical 
importance and interest, the cross section for the 
production of a particular product from a given target 
is the same for a 200-MeV particle as for one of 50 
MeV (the approximate energy below which reactions 
other than spallation predominate), and the corre- 


sponding yield from a 100-MeV particle is only 43% 
higher than these values. Thus, for values of A close to 
A;, the cross section is sufficiently constant as not to 
require a correction for variation with energy as the 
projectile is slowed down while traversing the target. 

Unfortunately, as A moves away from Ay, this is no 
longer true, and the decrease in cross section with 
decreasing energy during target traversal can no longer 
be ignored. Application of a rigorously true factor to 
correct for the variation of cross section with energy 
would be very difficult and not worth the effort, 
particularly inasmuch as Rudstam does not claim his 
formulation to be more exact than a factor of 3 
anyway. 

Therefore we have compensated for the decrease in 
cross section during traversal in the following manner. 
We have calculated the energy, Ey, at which the cross 
section for producing each nuclide drops to less than 
one-third of the production cross section at 200 MeV. 
Then we calculate the distance traversed by the particle 
in going from 200 MeV down to Ey, and we use this 
distance as the effective target thickness, ignoring the 
remainder of the distance required to reduce the 
energy to 50 MeV. (By ignoring this region, we fail to 
take into account some activity produced in the region 
where the cross section is less than one-third of that at 
200 MeV; on the other hand, this procedure tends to 
compensate for the fact that in the region in which the 
cross section is still greater than one-third of that at 
200 MeV, we use the 200-MeV cross section rather 
than an average cross section. In any case, it must be 
emphasized, the error thus introduced becomes greater, 
the farther we move away from A;; but the farther we 
move from A,;, the less important and less interesting is 
the case for isotope production.) 


On this basis, we derive the following expression 
for Yz 4, the activity (in millicuries) of zL4 at the 
end of a bombardment with particles whose incident 
energy is 200 MeV: 


Yz 4 =KI (1 —e*") (N;/at.wt.) (AR){0.473A ;F(A;) 
(A; — 0.0887)" exp [—0.338 (A; — A) 
—11.84°-45 |Z — 0.486A + 0.000384? |*]} (5) 


where K = 102.5 
J = beam current, uA 
A= decay constant of 7/4 (in reciprocal units 
of T) 


T = length of bombardment (in reciprocal units 
of A) 
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N, = fractional abundance of target isotope (or 
1.0 for the natural element) 
at.wt. = atomic weight of target element 
AR = target thickness, g/cm? 
A; = mass number of target isotope 


It is worth noting that Eq. 5 is independent of type 
of bombarding particle and applies to protons, neu- 
trons, deuterons, or alpha particles (although an 
insufficiency of data prevented Rudstam from verify- 
ing his formulation for heavy ions). However, in 
applying this equation, one must not overlook the fact 
that different particles of the same energy have 
different ranges in a given target, and, as noted below, 
care must be taken not to apply the equation to a 
target of thickness greater than that which will slow 
the particle down to 50 MeV or to E¥ (see above), if 
the thinner of the two targets is chosen where there is a 
choice. If thicker targets are actually used in practice, 
Eq.5 applies only to the region just described. 
Obviously, radioactivity will be produced beyond this 
region, but, at energies lower than 50 MeV, nuclear 
reactions other than spallation will predominate, and 
Eq.5 cannot be expected to give either the correct 
distribution of products or the proper value of the 
quantity of a given product in these near-end regions. 

The specific formulations for AR were derived 
from Ref. 1 and are as follows: 


For Z; > 10: 


AR = 30.332 + 0.2252; ~ {(Rair)g, [0.90 
+ 0.0275Z; + (0.06 — 0.0086Z,) (log Ey)]} (6) 


For2<Z;< 11: 


AR = 33.254 — 0.578Z; — (Rain), [1.00 
+ (0.06 — 0.0086Z;) (log Ey)]} (7) 


Z; is the atomic number of the target. The units of AR 
are in grams per square centimeter, and the logarithm is 
to the base 10. Table 2 will facilitate the use of Eqs. 6 
and 7 in calculating the proper target thickness to use. 
Ef was obtained by the following procedure: An 
energy, E, was picked, and the ratio og¢/0299 was 
calculated as a function of (A; — A), where 0290 is the 
cross section for production of mass A by a 200-MeV 
particle; by trial and error, pairs of values of (A; — A) 
were found such that the ratio 0¢/02 00 just bracketed 
the value ¥,; then graphical interpolation was used to 
locate the value of Ey that would make 9/0200 


Table 2 Values of Ey and Corresponding Proton 
Ranges in Air as a Function of (A; — A) 





Rais) ey Ey Rain) Ey 





2.517 128 13.5 
2.517 133 14.4 
2.517 137 
2.517 141 
144 











exactly ¥ at given values of (A4;—A). Values of 
(Rair)z,¢, the proton range in air at the energy Ey, were 
read from graphs in Ref. 3. 


The values shown in Table 2 are for A; = 100. They 
depend very slightly on A;, the dependence being so 
small as not to be worth considering. Values beyond 
(A; — A) = 25 are not shown, because such a region so 
far removed from the target mass is of no practical 
interest and because 200-MeV protons possess insuffi- 
cient energy to evaporate more than about 25 nucleons 
anyway. 


Equation 5 assumes explicitly that the target 
volume is 1 cm? of the target element in question. It 
also assumes implicitly that the entire charged-particle 
beam passes through this volume for a distance AR 
equal to the thickness of the target. This implies that 
the area of the target being considered is (D/AR) cm? , 
where D is the density of the element in grams per 
cubic centimeter. Substitution of typical real values 
into this expression will show at once that such a target 
is too long and narrow to be practical. For example, in 
the case of an aluminum target, D would be 2.7 g/cm? 
and AR would be 30.3 g/cm? (= 11.2 cm), giving an 
area of 0.089 cm?, which corresponds to a diameter of 
3.4 mm. Even if a beam of high-energy charged 
particles could be focused or collimated down to a 
diameter of 3.4 mm, the problem of lining up so long 
and narrow a target with the beam and, worse yet, the 
problem of dissipating the heat generated in such a 
concentrated target would be formidable. On the other 
hand, production of the activity predicted by Eq. 5 
requires only that the thickness be AR and the area be 
at least as great as D/AR or greater. Increasing the area 
that the target presents to the beam will not increase 
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the total amount of radioactivity producible inasmuch 
as the latter is determined by the beam current (for a 
given target, provided that the area is >D/AR); what it 
will do is to diminish the activity producible per cubic 
centimeter. 

It is probably worth mentioning that, although 
Eq. 5 assumes elemental targets, it may be used with 
targets that are alloys, compounds, or mixtures of 
elements, provided that the following modifications are 
taken into account. First, AR should be computed for 
the actual target to be used. This is done by calculating 
the range of the incident particle in the composite 
target by means of the procedure, outlined in Ref. 1, 
which involves summing up the weighted stopping 
powers of the individual elemental components; in a 
similar fashion, the range of a particle of 50 MeV or of 
Ey MeV is calculated, and the difference between the 
two ranges is AR. By use of this value for AR and the 
appropriate values for A;, Eq. 5 can be solved for each 
individual elemental component of the target. Multi- 
plying each such solution by the volume fraction of the 
element in the composite target and summing these 
results will give the total Yz 4. However, this is a 
time-consuming procedure, and -its tediousness in- 
creases in direct proportion to the number of compo- 
nents in the target. On the other hand, Rudstam 
states” that Eq. 1 is expected to be valid only to within 
a factor of 3 on the average, with possibly an even 
greater error for very light or very heavy targets (due to 
the lack of experimental data with which to establish 
the correctness of the formula for such targets) and for 
targets that are far from stability (because the formula 
is based on distribution data from targets near stability, 
not for extreme cases). Moreover, the tabulations 
below already include AR for elemental targets, and 
the extreme values of AR are 25.1 and 45.3, a variation 
of only +29% about the median. Therefore, in view of 
these factors, it seems pointless to go through the 
procedure of correcting from the elemental AR values 
used in the tabulation to the exact AR for a particular 
composite target under consideration; and, for com- 
posite targets, we suggest that one merely look up 
Yz,4 Values for each elemental component, multiply 
them by the volume fraction of the element in the 
target, and sum these weighted Yz 4 values. It seems 
particularly appropriate to make no more effort than 
this, inasmuch as it is quite probable that in practice the 
target thickness actually used will not be exactly AR 
anyway. In spite of this, the tabulation below will be 
very helpful if used on a relative basis in that it will 
give at a glance the best target element with which to 
make a given product and the by-products likely to be 


formed in such a target, in addition to the magnitude 
of the quantities that can be produced. 


SOME ADDITIONAL PRACTICAL 
CONSIDERATIONS 


Before the computer solution of Eq. 5 is discussed, 
it will be of interest to consider some additional 
general problems of practical interest. For example, if 
one wishes to produce a given isotope by spallation 
(assuming a completely free choice of target, i.e., the 
optimum target for that isotope), is there an optimum 
energy that will produce a maximum total amount of 
activity of that isotope? If so, what is that energy? If 
not, what effect does energy have? 


Peak cross sections (i.e., maximum chain yields) 
decrease with increasing energy, but the peak (in the 
mass—yield curve) becomes broader and shifts away 
from the target mass. On the other hand, AR increases 
with increasing energy, so that perhaps there is an 
optimum energy at which, even though the cross 
section of interest is decreasing, the AR has increased 
enough to produce a maximum activity. Alternatively, 
if there is no maximum, perhaps the AR increases 
faster than the cross section decreases, so that the net 
effect is an increase in activity of a given nuclide with 
increasing bombarding energy. 


To answer these questions, we calculated the cross 
sections for A;= 100 and A; — A =3,6,and9 at 11 
bombarding energies ranging from 800 MeV down to 
100 MeV. The range—energy relationships noted above 
were used to convert these energies to linear distances 
of penetration into the target. Graphical plotting 
indicated that within a given distance interval the 
cross-section variation could be regarded as being linear 
with distance without introducing a significant error. 
The average cross section for a given interval was then 
taken to be (0; + o¢)/2, where 0; is the cross section for 
the production of a given nuclide at the beginning of 
the distance increment and of is the corresponding 
cross section at the end of the distance increment. 


The effect of beam attenuation was accounted for 


by calculating the average beam intensity,/, for each 
interval from the following: 


I= Ig [exp (—no5x2) — 


exp (—n05x,)] [nos(x, —x2)]" (8) 


where /y = beam intensity initially 
n= number of target atoms per cm? 
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0; = total (geometric) nuclear cross section in 
cm? /atom 
x = linear distance in the target 


The following product was calculated for each 
distance interval: 


(x2 — x1) O (G; + of)/2 


These products were then summed over target thick- 
nesses corresponding to those required to slow the 
protons down to 50 MeV from their respective initial 
energies (which ranged from 100 to 800 MeV). 

Results are shown in Table 3 for the case in which 
Z,; = 44 (i.e., for a metallic ruthenium* target). 

From the results shown in Table 3, it might appear 
that there is an optimum energy (at least for the 


Table 3 Effect of Energy on the Relative Activity 
Produced in a Ruthenium Target for Three 
Isotopes of a Given Product Element 


(Normalized to the 200-MeV Induced Activity of Mass 97) 





Initial 
energy, 
MeV 





100 0.949 
200 0.809 
225 0.778 
300 0.654 
400 0.512 
500 0.391 
600 0.293 
700 0.220 
800 0.160 1.127 0.695 





Note: J is the fraction of original beam intensity remaining 
(after nuclear interactions) when the energy has been reduced 
to 50 MeV. 


“typical” case calculated) around 700 MeV or slightly 
higher. However, several practical considerations show 
this to be illusory. To increase the activity by the 
maximum possible amount (which is not even a factor 
of 2) relative to what is produced at 200 MeV, one 
would have to use a target that is over eight times as 
thick. For example, to produce with an 800-MeV beam 
1.94 times as much activity as one could produce with 
a 200-MeV beam, one would have to use 25.5 cm of 
ruthenium metal instead of 2.95 cm; similarly, an 





*All these calculations were carried out for a ‘°°Ru target. 


aluminum target to slow 800-MeV protons down to 50 
MeV would have to be 89.2 cm thick, whereas only 
11.1 cm would suffice for 200-MeV protons. Clearly 
the higher energies require targets that are so thick that 
they are either very difficult to handle and process or 
very expensive or both. 


Table 3 also clearly shows another disadvantage of 
the use of too high a bombarding energy, namely, the 
enhanced production of unwanted by-products. For 
example, at 200 MeV only 23.6% as much mass 94 is 
produced as mass 97 of the same element, and only 
6.4% as much mass 91, whereas with 800-MeV 
protons, the mass-94 isotope activity is 58% of the 
mass-97 activity, and the mass-91 activity is 36% of 
that of mass-97 activity. 


If one uses a higher-energy beam without using a 
correspondingly thicker target, the activity of a partic- 
ular isotope of interest is actually less than what would 
have been produced by a lower-energy beam. For 
example, as noted above, it requires 2.95 cm of 
ruthenium to slow a 200-MeV proton down to 50 
MeV. If a 2.95-cm target is used at the higher energies, 
the ratio of yields from the 700-MeV beam to those 
from the 200-MeV beam is only 39% (for mass 97 and 
constant product Z). This decrease occurs because, at 
700 MeV, only 20% of the total activity produced is 
found in the first 2.95 cm of ruthenium. Thus, even 
though the total activity produced in 25.5 cm is 95% 
greater than that produced in 2.95 cm by 200-MeV 
protons, the amount of mass 97 produced at 700 MeV 
in the first 2.95 cm is 20% x 1.95 = 39% of what 200 
MeV would produce. The situation is illustrated graphi- 
cally for the 200- and 800-MeV cases in Fig. 1, where 
the relative activities and distributions of mass 97 (for 
a given product element) in a ruthenium target are 
shown as a function of axial penetration of the beam. 


Aside from the question of product yields, increas- 
ing the energies of the bombarding particles causes a 
considerable increase in the production of high-energy 
neutrons, which, in turn, greatly complicate the shield- 
ing problem. 


COMPUTER CALCULATION OF 
ACTIVITIES 


Equations 5 to 7 have been programmed for 
computer solution, and the results are shown in 
Tables 5 and 6. The remainder of the text of this 
report is devoted to an explanation of the computer 
solution (in contrast to the foregoing discussion, which 
applied to the equations themselves). 
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Fig. | Relative axial distributions of mass 97 produced in 
10°Ru by high-energy protons. 


First, it must be emphasized that the yields shown 
are independent yields for the particular nuclide in 
question. In many cases, there exist precursors that 
have half-lives short enough to contribute to the 
activity of the nuclide in question. Where this occurs, 
the independent yields of these precursors should be 
found (see Table 6) and added to that of the product 
of interest (making appropriate correction for the 
effect of half-life on activity). 

Results for radioactive products with half-lives of 
less than 1 min are not printed, because they are not 
likely to be of direct primary interest. Where they 
occur as precursors of a desired nuclide, their cross 
sections can be crudely estimated by extrapolation 
from appropriate values in Table 6 and a correction 
thus made for their effect. 

The integrated beam current (i.e., the time- 
averaged current rather than the instantaneous current 
per pulse) that strikes the target is assumed to be 200 


MA. For some other current, /, multiply the results by 
1/200. 


The irradiation time assumed is 24hr, and the 
results are as of the end of the bombardment (no 
radioactive decay included). For products with half- 
lives of less than 443 min, the activity values will be 
within 10% of the saturation activity (i.e., the activity 
at infinite bombardment time). For products with 
half-lives longer than 231 days, multiplication of the 
results by 365 will give. the annual production rate to 
within 10%. For products with half-lives between 433 
min and 231 days, if an accurate correction is desired 
for an irradiation time other than 24 hr, multiply the 
results by (1 — e °°? 7/7)/(1 — e © °° 3/7), where T is 
the length of irradiation time in days and 7 is the 
product half-life in days. However, in view of the above 
discussion concerning the accuracy of the cross-section 
formula and the errors involved in the use of an 
inexact AR value, this half-life correction could 
undoubtedly be made mentally with sufficient ac- 
curacy for most purposes. 

The input data were taken from Ref. 4. 

Table 5 is arranged by product. Products are 
identified by atomic number, Z, and mass number, A. 
The half-life is shown for ready reference, the units 
being S=second, M=minute, H=hour, D=day, 
Y = year, and T = megayear. 

In Table 5 are listed the activities (in millicuries) of 
zL4 producible from various targets. The first column 
gives the atomic number of the target, and the final 
column the activity produced when the natural ele- 
ment is used as a target. Intervening even columns give 
the activity produced when the target is the pure 
separated isotope whose mass number appears in the 
preceding odd column. 

In all cases, the number following the letter E is the 
exponent of the power to which the factor 10 must be 
raised before multiplying it by the coefficient preced- 
ing the E. For example, 2.3E — 05 =2.3 x 10° and 
4.9E + 04= 4.9 x 10%. 

To keep Table 5 from being too bulky, results are 
omitted for natural-element targets that produce less 
than 0.1% of the activity that can be produced from 
the most prolific natural-element source of that prod- 
uct. 

Table 6 is arranged by target (i.e., by atomic 
number, Z, of the target) and shows, in the next to the 
last column on the right, the activity (in millicuries) of 
the product (whose atomic number and mass number 
are shown in the first two columns, respectively) which 
is produced when the natural element is used as the 
target. Column 3, labeled “half-life” is a reference 
column that shows mainly the half-lives of the respec- 
tive radioactive products. However, since Table 6 also 
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First Entries from Table 5 Spallation Products Produced by 200-MeV Protons 
(Arranged by Product) 





One-day irradiation See text (page 8), for precautions to 
200-uA beam observe in interpreting results when 
No calculations are shown for products with product mass is within two units of target 
half-lives less than 1 min mass 
No yields are included if cross section is Other pertinent notes are discussed in 
<0.001 times the maximum cross section text 
for producing that product Key: 
Expected accuracy: within a factor of 3 D = day 
Zero values in activity columns mean H = hour 
Rudstam formula does not apply in those M = minute 
cases; zero does not necessarily mean that 
no activity is produced 


S = second 
T = megayear 
Y = year 





MONOTSOTOPIC NATURAL 
TARGET A/MILLICURTIES MILLI 
CURIES 
PRODUCT Z= 4 4.9E+03 0, 
PRODUCT A= 7 3,2€+03 2,1€+03 
HALF LIFE= 53,000 0 1,4€+03 9,1&+02 
5,8&+02 3,ae+02 
2,4E+02 1,6&+02 
6.7E+01 oO, 
4,3€+01 2,n€+01 
1,5€+01 Oo, . 
9.8E+00 6,5€+00 4,4E.00 


4.9&+03 
2,3€+03 
1,4&+03 
5.86+02 
2,4€+02 
6, 7€+01 
4,1€+01 
1,5¢€+01 
8.8E&+00 


eooocooce 
ecoooococococso 
eoeeeeveeee 
coooocoooce 
ceooocoocooceo 


PRODUCT Ze 4 1,0E=-04 6,7&-05 0. 

PRODUCT Aw 10 4,5E-05 3,1€-05 0. 

HALF LIFE= 2,700 T 2.0E-05 1,3€-05 8.6E-06 
5.6E-06 0 0, 0 0. 
3.66=06 246-06 1,6&-06 
1,2€-06 0 


9.9€-05 
4,5€-05 
2,0€-05 
5.6€-06 
3.4€-06 
1,2€-06 
7.3€-07 
2,4€-07 
1,6€-07 


0 0, 0 0, 
8.1E-07 546-07 3,6€-07 
2,4E-07 0, 0 0, 

1,6€-07 1,1¢-07 7,3€-08 


eocooooococceo 
ecooococooc°ocs 
eeeeveeee 
ooooooocco 
eoooooocdce 


PRODUCT Z= 6 oO, 2,96+05 0. 

PRODUCT Aw 11 2,0€+05 1.36405 0. 

HALF LIFE= 20,500 m 9.1E&+04 6,06 +04 3,9 +04 
2.56+04 0 . 0. 
1,6&+04 1.16404 7.1&+03 
5.5&+03 i 0. 
3,7&+03 2.46203 1,6€+03 
1,1€+03 0, 0. 
7.3€+02 4.9£+02 3.3602 
2,2€¢02 0, 0. 


3,5€+03 
2,0€+05 
9,0€+04 
2,56+04 
1,6€+04 
5.5€+03 
3,3€+03 
1.1€+03 
7.1£+02 
2,2€+02 


ecooococ0ocococso 
eoeeeveeveee 
ceooooocococo°o 


eooocoococcoco 
ecoooooo°oc°oceo 


PRODUCT Z= 6 9.2E-02 6,3£-02 4,4€=.02 
PRODUCT Aw 14 


9.26-02 

9 . 0 0, 

HALF LIFE® 5730,000 Y 1,3¢-02 8.5€-03 
0 


3,0€-02 
1,8€-02 
6.6€-03 
4,0€-03 
1,3¢€-03 
8. 46-04 
2,66-04 
1, 76-04 


oe . 
29-03 1,9€-03 
o, 0, 
586-04 3,9&-04 


@e@ooooococe 
woooooco°ce 
eoeeeveee 
ecooooocooc°o 
ecooooocoeco 


0, 0. 
1,8&-04 1, 26-04 7.9E-05 


PRODUCT Z= 7 0. 2,56+05 0. 

PRODUCT A= 13 1,7E+05 1,2€.05 8,0E+04 

HALF LIFE= 9.960 M 5.3€+04 0, 0. 
3.4E +04 2,36+04 1.5E404 
1,26+04 . 0 0. 
7.7E*03 5,1¢+03 3 4E+03 
2.36+03 0, 0. 
1,5€+03 1,0€+03 6,.8&+02 
4,6€+02 “ 0 Oo. 
3.1€+02 2.16402 1,4€.02 


9.9E+02 
1,7&+05 
5.36+04 
3.2E+04 
1,2€+04 
6.9&+03 
2,3¢+03 
1,5€+03 
4,66+02 
3,0€+02 


e9@oooooco00cso 
eceoooooooo°o 
ecocoo0000sd 


6,4E+01 


wD 
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First Entries from Table 6 Spallation Products Produced by 200-MeV Protons 
(Arranged by Target) 





One-day irradiation 

200-unA beam 

No calculations are shown for products with 
half-lives less than 1 min 

No yields are included if either the yield 
or the cross section is <0.001 times the 
maximum yield or the maximum cross 
section, respectively, produced in the 
target 

Expected accuracy: within a factor of 3 

Zero values in activity columns mean 
Rudstam formula does not apply in those 
cases; zero does not mean that 
no activity is produced 


See text (page 8), for precautions to 
observe in interpreting activity values and 
““AVG SIGMA” values when product 
mass is within two units of target mass 

Other pertinent notes are discussed in 
text 

Key: 

A = % abundance of (stable) 
isotope in natural element 

D = day S = second 

H = hour T = megayear 

M = minute Y = year 





MON®@TSOTOPIC 
TARGET A/MILLICURTES 
t°) 0 0 


NATURAL 
MILLI 
CURTES 


AVG 


PREDUCTS 
z a SIGMA 


HALF LIFE 
3 000 A 2.1€+00 
& 100,000 a 4.,9E+01 
1 99,990 A 2,5€-01 
2 .OlS A 2.6E*01 
3 12,300 y 7,0€¢01 4,3¢+01 0, 0. 0. 0. 0. 0, 0. 0, 4.5€+01 4,3€+00 


POPS SESE ESSE OES ESOEHEEEEESOHEHO HEF ESEDESEFESE SEE EEESESESEEEHEEEEES EE ELESEVESEEESEOEHES EEE HESS EEEOE EEE EEFEESESESEESEEEEEOEESESEOEOOES 


TARGET Ze 4 


MONOTSOTOPIC 
TARGET A/MILLICURIES 
.¢) 0 0 


NATURAL 
MILLI 
CURTES 


avG 


PRODUCTS 
z A SIGMA 


HALF LIFE 9 
0 4,9&+¢03 O. 0, Oo. 4.96*03 7,.2E+00 
A 4.7E¢01 
A 2.4E+01 
A 1,1&+00 
A 2,.5€+01 
A 1,3€-01 
A 1,4€+01 
Y 1,7€¢01. 0, oO, Oo. Oo. 0, 0. o, oO. 0, 1,7F*01 2,2€+00 


POPPE S OOH EE HOSES ESESE HESSD ESE EEF ESE ES ES HOE EEE ODES E HES ESESEFESEEESEHOESESEF ES ES HEH ES ESEEEOS ESOS EOF EEEEESEHESEESESESESEEESEEOSEOOES 


TARGET Ze 5 


MONOTSOTOPIC 
TARGET A/MILLICURIES 
) ry 0 


NATURAL 
MILLI 
CURTES 


2.3¢+03 


AVG 


PREDUCTS 
z A SIGMA 


HALF LIFE 10 11 
© 3,2€¢03 2,l¢+03 Oo, 0. 0. 4,1£&+00 
A 2.7E+01 
A 2.7E¢01 
A 1,4€¢01 
OA 6.3£-01 
A 1,4€+01 
A 7.5€-02 
A 7.8&+00 
Y 1,1€¢01 6.7€+00 0, 0. 0. 0. 0. oO. 0. 0. 7.5€*00 1,3€+00 


POOP OCOOHOES ESE EESOSESEEESOEEE ESOS ESE SEES OLEH EEEEESE EEE HESEEEEESESEEEFES ES EE ESE EEESED OE EOOEEESESEOHEEESESESOSEEESOESEE¢OESESOSESEOOOS 


Kee NN ww Ss 
WwNe FWIOon 


TARGET Z= 6 


MONOTSOTOPIC 
TARGET A/MILLICURIES 
r) t) r) 


NATURAL 
MILLI 
CuRTES 


AVG 


PRODUCTS 
z a SIGMA 


HALF LIFE 13 


0. 2.9€¢05 0, 0. 


3.5€*03 9,8E-02 
6.1€¢01 
§.3€-01 
2.8600 
2.4E¢01 
1,8€+01 
9.4E+00 
4,3€-01 
9.9E*00 
5.3£+00 
3 Y 6,2€¢00 2,7€*00 0, 0. 0. 0, 0. 0, 0. 0, 4,2€°00 6.6E-01 


SOOO SE OOOO OSS EOSESESEEEEEHEEEOHEFEHESEOO EOS ES POS PSESO EP ESEOEESESE SEE HEE SHOE SEE EESE SESE SEDO EEEDEEEFESLEFESESEEEEEHESESDESEESEESEOOEOES 


1,4€¢03 9.lE*02 0, 0. 1.4€¢03 


o 
>PrPPrPrrrorr:r 


1 
0 
1 
7 
9 
6 
7 
3 
4 
2 


Ke NNWUwsr Pe UUo 
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includes stable products, column 3 also shows the 
percent isotopic abundance in which a particular 
product nuclide is found in the natural element. This 
percent is indicated by the suffix letter A, which 
should not be confused with the mass number heading 
for column 2; like the half-lives, these data are input, 
rather than output, and have nothing to do with 
amounts of these individual nuclides produced in 
spallation. Intervening columns show the activities of 
the same product produced when pure separated 
isotopes of the target are irradiated, the mass number 
of the target isotope being shown at the top of the 
column. The cross section (averaged over all the 
isotopes of the natural element for which activity 
results are printed in columns to the left) is printed in 
the final right-hand column; the unit is millibarns. 


Due to an artifact inherent in the manner in 
which the computer program was designed, no results 
are shown for metastable isomers. In cases where the 
ground-state isomer has a half-life of <1 min, e.g., 
34Cl, no results at all appear for the isotope. In cases 
where the ground-state isomer has a half-life of >1 
min, e.g., '°?Rh (209-day ground state) or '!°Cd 
(stable ground state), only the results for the ground 
state appear. One can readily interpolate a crude 


estimate of the cross section in question and, using it, 
calculate the activity of an unlisted metastable isomer 
by hand quite simply. 


From the cross-section column, one can see at a 
glance how the relative locations (on the nuclide chart) 
of the target, product, and line of greatest stability 
affect the spallation yield. Moreover, there may be 
special cases in which one wishes to calculate the 
weight of a particular stable isotope produced, espe- 
cially in cases of very long irradiation. (As an illustra- 
tion of the order of magnitude of the effect involved, it 
may be useful to point out that a 200-uA beam of 
200-MeV protons continuously bombarding a 2-cm- 
diameter target would transmute the surface of the 
target at the rate of ~1% per year; viewed in another 
light, this rate is equivalent to generating solid impuri- 
ties at the rate of ~25 ppM per day.) 


In an effort to prevent Table 6 from being too 
bulky and at the same time to present enough 
information to be useful for most purposes, no results 
are printed for those products in which either the 
activity produced from the natural-elemental target (if 
the product is radioactive) or the production cross 
section from the natural element is <10° of the 
respective values for the nuclide produced in greatest 
yield. If special cases require results for by-products 


produced in lesser amounts, the authors can supply a 
more complete table on request. 

The value of zero as a result in either table does not 
necessarily mean that no activity is produced. It may 
mean that the Rudstam formula does not apply in that 
case and that the computer was ordered to skip the 
calculation. This is true, for example, when A target — 
Aproduct <2, for which no results will be found.* 
Thus the tables appear to show that **K cannot be 
produced by proton bombardment of *°K but that 
similar treatment of *°K and *'K will yield **K in the 
amounts indicated (160 and 110 Ci, respectively). 
Obviously, proton bombardment of *°K will produce 
38K, but not in the yield that blind use of the 
Rudstam formula would have given. This artifact 
should also be remembered when the average cross 
section or the activity produced from the natural 
element is considered, because the results printed are 
simply the sums of the products of the respective 
results for each isotope in the target multiplied by the 
abundance of that isotope. It is for this reason that the 
tables appear to show only 8 Ci of ?®K producible from 
natural potassium, even though it correctly indicates 
that irradiation of *°K and *'K individually would 
produce 10 to 20 times that amount; for the same 
reason, the 590-ub cross section shown for elemental 
potassium is unrealistically low. This kind of misinter- 
pretation can be avoided by remembering to look to 
see whether a zero appears in a location for which 
there is a corresponding target mass number. 

Finally, attention is called to the fact that a 
particular nuclide that appears in one table will not 
necessarily appear in the other. The reason for this is 
that a nuclide might be produced from a given target in 
a yield that is >10° times its yield from the target that 
is the most prolific in forming it; such a nuclide would 
be included in Table 5. However, the yield of that same 
nuclide from the same target might be <10° times the 
yield of the nuclide that is produced in maximum yield 
in that same target; in this case, the <10°-yield 
nuclide would be omitted from Table 6. For example, 
77Ge is shown in Table 5 as being produced from 
natural molybdenum at a daily rate of 0.3 mCi, but it 
is omitted from Table 6 because molybdenum will 
produce °°Nb at a daily rate of 360 Ci, which is clearly 
>10° greater than that for the production of 77Ge. An 
even more interesting case is that of 9°Sr, which is 
shown in Table 5 as being producible from °?Zr, °*Zr, 
and °°Zr at (independent) daily rates of 0.16, 0.081, 
and 0.039 mCi, respectively; however, °°Sr does not 





*Such results will be found in Ref, 5. 
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appear at all in Table 6 because its relatively long 
half-life and low formation cross section make its 
activity well below 10° times the yield of the peak 
product, regardless of what target is used. (HPR) 
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Abstract: The following aspects of the use of radioisotopes in rubber technology are 
reviewed (with 146 references): application of isotopes in studies on vulcanization and the 
interaction of compounding ingredients (estimation of state of cure, radiochromatography 
in separation and exchange studies, determination of polysulfide bonds by sulfur exchange, 
detection of nonexchange interactions, sulfur—accelerator exchange reactions); diffusion 
and dispersion (role of diffusion and dispersion in elastomer technology, radioisotope 
diffusion studies and polymer structure, methods of study of sulfur diffusion and 
dispersion, diffusion and dispersion of components other than sulfur, significance of 
radiochemical purity of labeled penetrants); adsorption and coagulation (solids adsorption 
on dipped tire cord and coagulation, ionic deposition, and gelation of latexes); radioreagent 
methods; and applications of special radioisotope techniques (activation methods of 
elemental analysis, dating and identification of products, detection of physical transforma- 


tions of elastomers, application of the Mossbauer effect, use of the clathrate form of 
inclusion complexes), 


I. INTRODUCTION 


Radioactivity applied to rubber technology encompasses such diverse areas as 
the effect of radiation on elastomers, use of strong gamma and beta sources for 
process control, and isotope methods to measure tire tread wear. These applica- 
tions of radioisotopes have received considerable attention in recent years and 
the principles and techniques have been discussed extensively in both reviews and 
original papers. Significant contributions, however, have also been made in advanc- 
ing elastomer technology through analytical use of radioisotopes of carbon, hydro- 
gen, sulfur, and other beta emitters, as well as by special radioisotope techniques. 
This survey discusses recent advances achieved with beta emitters in vulcaniza- 





*This paper was published in Rubber Chemistry and Technology, 42(1): 1-29 (February 
1969), and is reprinted here by permission, 
+The General Tire & Rubber Company, Akron, Ohio. 


ISOTOPES AND RADIATION TECHNOLOGY, Vol. 8, No. 1, Fall 1970 





ISOTOPE TECHNOLOGY DEVELOPMENT 


tion, diffusion, dispersion, adsorption, coagulation, and determination of functional 
groups in polymers. In addition, the value of activation analysis and other radio- 
isotope investigative methods for characterization of elastomers is shown. 

A. Scope: radioisotopes as analytical tools.—In the decade since the review by 
Blokh! of the role of sulfur-35 in vulcanization, increased use of radioisotopes in 
elastomer technology has paralleled development of new elastomeric materials and 
has reflected the growing need for more specific and sensitive analytical techniques 
in this field. In addition to development of new methods employing radioisotopes 
as indicators in analysis and characterization of raw and vulcanized elastomers, 
this period has witnessed refinements in tracer methodology and application of 
established principles to studies of vulcanization in the form of procedures suitable 
for routine application. Use, for example, of tagged reagents for determining func- 
tional groups in unvulcanized polymers and of elemental sulfur-35 for radiomet- 
rically estimating state of cure represent recent advances in the analytical chem- 
istry of elastomers. Evolution of isotope exchange as an analytical technique per se 
also illustrates maturation of isotope technology in rubber chemistry. Although 
this principle for characterizing mobility of sulfur atoms in accelerators and in 
elucidating mechanisms of exchange had been well established, more recent work 
has demonstrated the applicability of elemental labeled sulfur as a chemical probe 
for semiquantitative determination of polysulfide linkages in absence of other 
exchangeable forms of sulfur. Comparable advances may be observed in studies of 
diffusion in elastomers. Rates of diffusion of sulfur, antioxidants, and plasticizers 
in rubber compounds and ultimate uniformity of distribution of these ingredients 
are important factors in reproducible compounding. The specific and sensitive 
nature of radioisotope techniques recommends this approach for studying diffu- 
sivity and numerous applications of these methods have appeared in this period. 
In addition, there have been notable developments in use of radioisotopes for 
determination of trace elements in elastomers; for study of latex coagulation and 
adsorption; for product. identification; and for study of microstructure of certain 
polymers. Other novel applications involve the recently discovered Méssbauer 
effect and the clathrate form of inclusion complexes. 

In the context of applications of radioisotopes in rubber technology, outlined 
above, this survey is concerned with uses of labeled elements and compounds as 
indicators and chemical probes in analytical characterization of raw and cured 
elastomers. The role of tagged atoms for study of diffusion in these materials is 
interesting because of the importance of diffusion in rubber chemistry and the 
relationship of this facet of polymer characterization to other radioisotope methods 
of elastomer analysis. Additional uses of radioisotopes in the elastomer field are 
considered when these represent analytical means for quantitative determination 
of constituents of elastomeric compositions or are of value in characterizing elas- 
tomers qualitatively. 

B. Previous surveys of radioisotope applications.—Earlier reviews by Kaplunov 
and Tarasova?, Jones’, and Stadelmann‘ describing uses of radioactive materials 
and radiation sources in several areas of elastomer technology were supplemented 
by reports of Gehman® and of Shimorda and co-workers® dealing with beta emitters 
in rubber research. An extensive survey of applications of radioisotopes in the 
rubber industry was also furnished by Jahn’. More recently, Oubridge® detailed 
radiotracer techniques for study of some important aspects of polymer technology 
and Lewis’ emphasized the potential role of radioisotope methods. Other surveys 
have dealt with applications of stable as well as radioactive isotopes in polymer 
chemistry, wherein this approach is used essentially for elucidation of specific 
mechanisms of polymer formation. Bevington” discussed selected references which 
illustrate principles involved in the use of these substances in studies of polymers 
and polymerization. Ayrey™ subsequently presented a comprehensive review em- 
phasizing the role of radiotracers in elucidation of mechanisms of initiation, propa- 
gation, and termination in addition polymerization. Krumbiegel" discussed several 
salient applications of stable and radioactive isotopes in the chemistry of elastomers. 
Combined use of infrared spectra and radioisotope methods for studying vulcan- 
ization was also reviewed by Blokh™. 

C. Technique and methodology.—Efficient use of radioactivity as an analytical 
tool requires knowledge of the several facets of radiation characterization, including 
nuclear instrumentation, modes of interaction of radiation with matter, counting 
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statistics, and self-absorption and scattering of beta particles, as well as tracer 
methods. There are several excellent sources where these basic aspects of the radio- 
isotope approach are discussed extensively. Overman and Clark furnished a text 
which provides significant practical guidance together with a sound introduction 
to instrumentation, radiation physics, and counting statistics. The versatile tech- 
nique of liquid scintillation counting was described in a compilation edited by Beil 
and Hayes”. In addition, Reference 16 provides specific examples of the investi- 
gative role of radiosiotope techniques in the physical sciences. These works help 
provide the background desirable for successful application of radioisotope methods 
to diverse areas of elastomer technology. 


II. VULCANIZATION AND THE INTERACTION 
OF COMPOUNDING INGREDIENTS 


A. Estimation of state of cure—The complex transformations occurring in the 
preparation of vulcanizates make characterization of these products a challenging 
aspect of polymer chemistry. Sulfur-35 has played a dominant role in radioisotope 
investigations of elastomer crosslinking. However, exchange reactions of sulfur, 
which have been investigated by extra-polymeric radioisotope techniques, limit 
application of quantitative isotope methods under circumstances of intensive 
interaction which may occur in vulcanization. Several workers have, nevertheless, 
successfully used elemental sulfur-35 for estimating state of cure and for deter- 
mining bound sulfur under specific conditions. The techniques, involving end- 
window counting of elastomeric specimens, are radiometric, i.e., the methods are 
based on direct measurement of initial and residual activities. 

The radiometric approach to estimation of state of cure was employed by 
Hofmann-Bang and Pedersen” in studying the accelerating capacity of bis-p- 
tolylsulfonyl mono-, di-, and tri-sulfides and of dibenzoyl tri- and tetrasulfides in 
natural rubber. The method is illustrative of that used in subsequent work. Com- 
pounds were prepared with elemental sulfur-35 and, after vulcanization for differ- 
ent times, were extracted with acetone to remove sulfur which had not been in- 
solubilized. Assays of thin, extracted, discs were then made using an end-window 
G-M tube and scaler. Residual activity was a measure of gross bound sulfur. Al- 
though decay corrections were used in this instance, concurrent counting of an 
unextracted specimen is desirable to obviate decay corrections and reduce the 
effect of variations in counting system efficiency. Mixtures of rubber and accel- 
erator showed no tendency to vulcanize in absence of sulfur; however, significance 
of possible isotope exchange in presence of curing agent was not considered. In 
subsequent work, Pedersen used the radiometric method for bound sulfur in con- 
junction with a chemical probe and isotope exchange to differentiate several forms 
of combined sulfur in natural rubber vulcanizates compounded with sulfur-35 and 
tetramethyl thiuram disulfide. Extracted samples representing different states of 
cure were assayed to determine bound sulfur, subjected to exchange in solution 
with ordinary sulfur, and reassayed to obtain a quantitative measure of exchange- 
able sulfur. Following this operation, the specimens were contacted with methyl 
iodide, which reacts preferentially with allylic sulfur, and a sulfur donor; subse- 
quent radioassays demonstrated the coexistence of at least two different bound 
sulfur types in the vulcanizates. Results of this investigation were correlated with 
aging stability of the cured rubber 

Rohde” studied the radiometric method for determining bound sulfur in natural 
rubber vulcanizates accelerated with diphenylguanidine in the presence of approx- 
imately 12 phr* zine oxide. Free sulfur in benzene-methanol azeotrope extracts was 
determined concurrently using potassium cyanide for formation of thiocyanate; 
the latter was determined argentimetrically by conductance titration after removal 
of excess cyanide. Excellent agreement was observed between values for bound 
sulfur determined chemically by difference and those obtained from radioassay of 
specimens before and after extraction. The data were used to calculate reaction 
order of sulfur combination and initial rate of sulfur consumption; kinetics of 





*Parts per hundred rubber. 
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vulcanization were in good agreement with previous studies. Usefulness of the 
radiometric approach for rapid, quantitative characterization of accelerator-free 
systems became apparent in this work. 

Although use of tagged sulfur thus represents an accurate and sensitive means 
for determining combined sulfur in vulcanizates which do not contain sulfur-bear- 
ing curatives, effect of the exchange of elemental sulfur with that present in the 
majority of accelerators must be considered in more common systems. Rhode” 
subsequently investigated exchange under different conditions of cure using rep- 
resentative accelerators in natural rubber in the presence of varying quantities of 
zinc oxide. The simple radiometric technique of direct vulcanizate examination 
was supplemented here by radioassay of extracts using liquid scintillation counting 
in conjunction with column chromatography for separation of elemental sulfur re- 
moved. By means of this counting method, radioactivity in extracts could be 
determined rapidly and accurately. Free sulfur was differentiated from that in 
accelerators by cyanide-thiocyanate titration. Comparison of results for free sulfur 
in extracts by the chemical method with those obtained from measurement of 
total activity gave an indication of extent of isotope exchange during vulcaniza- 
tion. When free sulfur content as calculated from total activity of the chromato- 
graphically separated elemental sulfur fraction was lower than free sulfur content 
obtained from total activity of the extracts, the formation of soluble intermediates 
was indicated. Accelerators used were mercaptobenzothiazole, 2,2’-dithiobisbenzo- 
thiazole, zinc diethyldithiocarbamate, tetraethyl thiuram disulfide, and N-dicyclo- 
hexyl-2-benzothiazolesulfenamide. Rate of exchange of sulfur with these com- 
pounds was negligible in comparison with rate of combination with rubber under 

- the experimental conditions. End window counting was also shown to be accurate 
in presence of side reactions occurring in the tetraethyl thiuram disulfide-sulfur 
system and with the sulfenamide-sulfur combination when the latter was used 
in absence of zinc oxide. Radioassay of extracted specimens at very early stages of 
cure was less satisfactory than was radioassay of extracts for determining free 
sulfur; the latter approach, moreover, was suitable for characterizing vulcanization 
throughout the range of curing times studied. Most of the formulations contained 
zinc oxide at the level of 10-14 phr. At approximately 5 phr the reduced content of 
inorganic compound resulted in higher transmission, during extraction, of the 
compounds for the relatively weak beta radiation of sulfur and thus led to negative 
results for free sulfur in completely vulcanized specimens assayed by direct count- 
ing. Application of liquid scintillation counting to lightly-filled formulations is 
thus a significant development in the use of sulfur-35 in quantitative estimation 
of state of cure. 

The method combining liquid scintillation counting with column chromatog- 
raphy was also used by Pedersen” in studies of the sulfur-diphenylguanidine sys- 
tem. Total free sulfur was determined by radioassay of acetone extracts and ele- 
mental free sulfur was determined after removal of sulfur-containing compounds 


in the extracts on alumina. Vulcanizates could normally be characterized by the 
expression 


log S; = —kt + constant (1) 


where Sy is free sulfur, phr, ¢ is vulcanization time, sec, and principally by the 
rate constant k. The technique may be useful for studying displacement of k caused 
by introduction of a new component into a curing system. A principal feature of 
the method is rapidity with which determinations of total free sulfur may be made. 
Since both combined and elemental sulfur is present in extracts, completion of the 
chromatographic step is necessary for further characterization of the systems. 
Formation of zinc sulfide during vulcanization requires an analytical method for 
sulfur present in this compound in order that the portion insolubilized in this 
manner may be determined and differentiated from that combined with polymer. 
Although this distinction was not made in the studies previously discussed, quan- 
titative estimation of zinc sulfide may also be made using elemental sulfur-35. 
Vas’kovskaya and Dogadkin® did this in establishing kinetics of zinc sulfide for- 
mation in natural rubber vulcanized with mercaptobenzothiazole and diphenyl- 
guanidine. The vulcanizates, after extraction with :dcetone and determination of 
total combined sulfur, were swollen in ether under nitrogen. Hydrogen sulfide-"S, 
generated by addition of hydrochloric acid, was absorbed in cadmium chloride 
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solution. The vulcanizates were dried and bound sulfur was determined radio- 
metrically. Below the optimum point of vulcanization both zinc sulfide and polymer- 
linked sulfur were present, while after this point only zinc sulfide was formed. 
Amount of zinc sulfide produced during vulcanization, however, could not be 
taken as a measure of disulfide crosslink formation. 

B. Radiochromatography in separation and exchange studies.—Usefulness of 
radiochromatographic techniques in establishing conditions for quantitative sep- 
arations necessary in analytical and exchange procedures has been demonstrated 
by several workers. Pedersen* employed column chromatography in conjunction 
with liquid scintillation counting for isolation and radioassay of elemental sulfur-35 
in admixtures with several accelerators. This method was shown to be useful for 
locating the position of components in the eluate in conventional analysis; for 
studying exchange reactions of accelerators and sulfur using either labeled com- 
ponent; and for determining elemental sulfur and some accelerators accurately 
when these are present in only very small amounts. Examples include determina- 
tion of the conditions required for separation of sulfur from tetramethyl thiuram 
disulfide and 2,2’-dithiobisbenzothiazole, and study of rate of decomposition of 
tetramethyl] thiuram disulfide in sulfur-free vulcanizates. Khodzhaeva and Kissin™ 
used paper radiochromatography for investigating exchange reactions involving 
sulfur, tetramethyl and tetraethyl thiuram disulfide, and certain metal salts of 
diethyldithiocarbamic acid. After effecting exchange in sealed ampoules at ele- 
vated temperatures, these workers separated the components on paper chromato- 
grams which were then divided into small segments; the latter were assayed in- 
dividually by end window counting. Exchange was calculated from the expression 


20(h) 
ii+Le @) 


where J; and /2 are net activities of the separated substance and sulfur, respectively, 
under the activity maxima. Conditions were established for quantitative separa- 
tion of elemental sulfur from tetramethyl thiuram disulfide and from the lead, 
copper, cobalt, iron, zinc, cadmium, and nickel salts of diethyldithiocarbamic acid, 
as well as for separation of these salts from tetraethyl thiuram disulfide. The tech- 
nique had a relative error of 1 to 2 per cent. Moravek* and co-workers described a 
similar approach for characterizing exchange reactions of elemental sulfur-35 with 
compounds containing mobile sulfur atoms. The method proposed is suitable for 
following rate of exchange in a homogeneous system without interrupting the 
reaction. Aliquots of solution are removed at intervals and spotted on paper, after 
which the chromatograms are developed and assayed. From activity ratios of 
exchange reaction components at equilibrium, exchange equilibrium constant, 
exchange coefficient, and per cent exchange may be calculated. That portion of 
sulfur-35 which is unreacted at equilibrium may be obtained from a scan of the 
chromatogram as quotient of the radioactivity of the area for the element by the 
sum of this area and that of the compound. The technique is useful for studying 
kinetics of preparative methods for accelerators which employ.exchange with ele- 
mental sulfur, such as the recent procedure of Cifka and Vins” for preparation of 
labeled xanthates. 

C. Determination of polysulfide bonds by sulfur exchange-—Formation of sulfur- 
containing crosslinks among polymer molecules is the desired reaction in vulcan- 
ization of elastomers with elemental sulfur and accelerators. Nature of these cross- 
links, rate and manner of their formation, and nature and extent of reactions 
leading to other structures within the vulcanizate are significant aspects of the 
process. Importance of these factors in ultimate network formation and utility of 
various chemical and physical methods for their study have been the subject of 
several reviews. Dogadkin and co-workers””—” discussed the several types of sulfur 
crosslinks in vulecanizates and mechanisms leading to their formation with certain 
accelerators. Dogadkin and Shershnev™ also surveyed the specific role of acceler- 
ators in vulcanization. Scheele* pointed out the good agreement between mathe- 
matical, kinetic, and experimental data pertaining to determination of polysulfide 
sulfur in vulcanizates. Saville and Watson® presented an extensive review of the 
status of structural characterization of sulfur-vulcanized natural rubber networks 
and discussed use of chemical probes for determining the various chemical struc- 


% exchange = 
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tures. Gaczynski* considered different techniques proposed for estimating cross- 
linking in cured elastomers. 

An important aspect of network characterization is the relationship of type 
and concentration of intermolecular bonds to physical properties. The ability of 
sulfur atoms which are not attached to carbon in polysulfide linkages to exchange 
with elemental sulfur permits semiquantitative estimation of polysulfide sulfur 
and such data may be used to characterize changes brought about by environ- 
mental influences. In compounds accelerated with diphenyguanidine, for example, 
capacity of bound sulfur to exchange with elemental sulfur passes through a max- 
imum during vulcanization. At the same time, relative ability of sulfur to exchange, 
calculated per unit bound sulfur, decreases monotonically. Dogadkin™ described 
analytical use of this exchange reaction in investigations of kinetics of crosslink 
formation and discussed the significance of changes in polysulfide bond concen- 
tration induced by heat and stress relaxation at elevated temperatures and during 
fatigue of vulcanizates. Type of sulfur crosslink affects fatigue relations signifi- 
cantly and isotope exchange with radioactive sulfur revealed that fatigue produces 
an increase in polysulfide concentration at room temperature and a decrease at 
higher temperatures; a similar effect was observed on swelling maxima in the 
system studied. Beniska® made use of this isotope exchange technique in conjunc- 
tion with swelling measurements and chemical determinations of bound sulfur in 
studying cleavage of polysulfide crosslinks. Average number of sulfur atoms in a 
crosslink was determined by exchange, as well as by conventional procedures, and 
showed a maximum in dependence on time of vulcanization for the systems exam- 
ined. Value of this technique for determining polysulfide sulfur in linkages intro- 
duced by gamma radiation has also been demonstrated. Tarasova and co-workers” 
and Dogadkin and co-workers*’:* irradiated several elastomer-sulfur mixtures and 
used elemental sulfur-35 for estimating the proportion present in exchangeable 
form. In addition, Blokh and co-workers® applied this method to determine poly- 
sulfide bonds in a study of the mechanism of action of zinc compounds as acceler- 
ators. Dogadkin and Tutorskii® also used this reaction, together with conventional 
analyses, for characterizing benzothiazolylhydropolysulfide formed in the exchange 
reaction involving mercaptobenzothiazole and sulfur. 

D. Detection of non-exchange interactions.—Incorporation of a radioactive iso- 
tope into the structure of an organic accelerator permits quantitative determination 
of accelerator fragments bound to elastomer molecules during physical and chem- 
ical treatment and represents an extremely useful approach for studying interac- 
tions involving these components. Principal advantage of the technique is the 
excellent sensitivity with which residual activity may be detected. From the con- 
centration of irreversibly bound, pendent residues, and from comparison of specific 
activity of combined fragments with that of extractable moieties, inferences can 
be made concerning the nature of the reactions. 

Accelerators tagged with sulfur-35 or carbon-14 were used by several investi- 
gators for determining molecular groups derived from compounding ingredients 
and attached to elastomer molecules during vulcanization and mastication. Com- 
bined benzothiazy] thiyl groups in sodium butadiene and styrene-butadiene rubber 
introduced during vulcanization in absence of sulfur were determined by treating 
vulcanizates with a solution of 2,2’-dithiobisbenzothiazole labeled in the disulfide 
bridge®. Tutorskii and co-workers“ investigated the mechanism of unsymmetrical 
dissociation of this accelerator to yield a benzothiazyldisulfur radical which is 
assumed to be more active in relation to crosslinking than the mohosulfide radical. 
Extent to which unsymmetrical cleavage of the compound occurred was estimated 
by comparing the specific activity of sulfur in the vulcanizate with that in the 
acetone extract. Dogadkin and co-workers determined combined mercaptobenzo- 
thiazyl groups introduced into natural rubber during both vulcanization and cold 
milling. Concentration of accelerator fragments combined in vulcanizates was 
estimated quantitatively by end window counting. The labeled modification of the 
accelerator contained radioactive sulfur only in the thiazyl ring and exchange 
reactions with elemental sulfur during vulcanization were thus without effect on 
accuracy of the method for combined mercaptobenzothiazyl groups. Results dem- 
onstrated the interdependent character of the interaction of this accelerator with 
sulfur and rubber. Prashchikina and co-workers® used sulfur-35 to label certain 
derivatives of thiobenzoic acid and studied the mechanism of their activity as 
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accelerators of mastication. The systems examined form free radicals which initiate 
degradation of macromolecules by adding to double bonds. Residual radioactivity 
served as a quantitative indicator of concentration of fragments attached to mo- 
lecular chains. 

In studying the mechanism of disulfide bond fission in polysulfide polymers, 
Novoselok and co-workers“ used sodium hydrosulfide-“S in the presence and 
absence of sodium sulfite; the results show that in rupture of such bonds in poly- 
disulfides only the sulfur-sulfur bond is subject to fission. 

Interaction of carbon black with sulfur-35 at vulcanization temperatures was 
investigated by Blokh and Yaroshevich®, as well as by Dogadkin and co-workers. 
In addition, Blokh and Melamed“ examined the effect of heat on adsorption of 
radioactive sulfur by carbon black in the presence of mercaptobenzothiazole and 
tetramethyl] thiuram disulfide. 

Extensive application of tagged sulfur to quantitative study of the more common 
vulcanization systems has been augmented recently by use of curatives labeled 
with radiocarbon for characterizing sulfur-free crosslinking reactions. Ballini and 
co-workers® demonstrated the significance of cumyl-C peroxide in vulcanization 
of ethylene-propylene copolymers. Ginzburg and co-workers® investigated the 
nature of the interaction of 2,6-bis- (hydroxymethyl )-4-tert-butylphenol with un- 
saturated elastomers using the labeled compound. The data indicated that addition 
proceeds rapidly and crosslinking more slowly, suggesting a two-step reaction; 
hydroxymethyl groups were found to participate in addition and crosslinking. Use 
of accelerators labeled with carbon-14 may prove advantageous for accurate deter- 
mination of accelerator-derived pendent groups, which are of particular significance 
in networks formed with the tetramethyl thiuram disulfide-zinc oxide system®. 
Accelerators labeled in this manner may also be useful in conjunction with radio- 
active sulfur, either elemental or combined in accelerators, for further character- 
ization of networks. Although similar radiation characteristics of the radioisotopes 
require their preliminary separation, availability of the rapid and versatile radio- 
assay technique of liquid scintillation counting offsets this disadvantage. 

E. Sulfur-accelerator exchange reactions: recent investigations.—Rate and extent 
of isotope exchange with elemental sulfur as a criterion for predicting reactivity of 
accelerators during vulcanization has been reviewed in detail’. Subsequent in- 
vestigations using this technique for quantitative characterization of reaction of 
sulfur and accelerators are cited here only to indicate the course of more recent 
work. 

Intensification of isotope exchange between sulfur and mercaptobenzothiazole 
in. presence of free amines was demonstrated by Blokh and Zdanovich"; this ob- 
servation parallels that of the accelerative effect of amines in vulcanization. Otto™ 
examined the exchange of sulfur in amine salts of N-disubstituted dithiocarbamic 
acids with elemental sulfur-35 as a function of temperature, concentration of 
reaction components, and nature of the solvent. Several investigators studied 
exchange reactions of sulfenamides in detail. Dogadkin and co-workers®-™ compared 
the vulcanization characteristics of S- (diethylaminomethy] )-2-mercaptobenzothia- 
zole and S-(morpholinomethy] )-2-mercaptobenzothiazole with the corresponding 
sulfenamides in regard to their ability to exchange with 2, 2’-dithiobisbenzothiazole 
containing radiosulfur. The substituted methyl derivatives were more active accel- 
erators and exhibited a higher rate of exchange than the common sulfenamide 
compounds. Fel’dshtein and co-workers*—® studied further the mechanism of ac- 
tion of mercaptobenzothiazole sulfenamides as accelerators in conjunction with 
the same exchange reaction. These investigators®™ also used exchange reactions 
with elemental sulfur-35 to characterize the lability of sulfur in several derivatives 
of mercaptobenzothiazole sulfenamides. Kuzina and Gur’yanova®™ employed the 
technique in studying mobility of sulfur in thiurams, isothiocyanates, and dithio- 
carbamates. Blokh and co-workers® investigated the effect of benzoic acid and 
the anhydrides of phthalic and maleic acids on rate of exchange of thiol sulfur of 
mercaptobenzothiazole with elemental sulfur in presence of diphenylguanidine. 
The acidic substances retarded exchange at 125° C but did not exhibit this action 
at 145° C, confirming empirical information about these compounds. Azami and 
Shizuka® described kinetic studies of exchange of elemental sulfur with tetramethyl 
thiuram mono- and disulfide and 2,2’-dithiobisbenzothiazole; reaction of the bis- 
type accelerators with sulfur is characterized by an induction period and appears 
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to occur in two consecutive steps. They™ also examined rate of exchange of sulfur 
with mercaptobenzothiazole and its cyclohexylamine salt and with piperidinium 
pentamethylene dithiocarbamate. Reactions of these compounds did not involve 
ap induction period and were zero order in the early stages. 

Reported investigations of exchange reactions of sulfur-accelerator systems 
have until recently been made almost exclusively in homogeneous solutions or 
melts. Possible effect of zinc compounds, such as the oxide, stearate, dialkyldithio- 
carbamates, and mercaptobenzothiazole salt, on the reaction, although recognized, 
has received less attention. Isotope exchange reactions involving elemental sulfur 
and that present in organic or zinc-containing accelerators and effect of zinc oxide 
on these reactions in heterogeneous systems were the subject of recent work by 
Shizuka and Azami®, who examined the sulfur-zinc dimethyldithiocarbamate inter- 
action; the results support a reaction mechanism in which free radicals formed in 
thermal dissociation of sulfur-zinc bonds activate elemental sulfur by disrupting 
the ring structure. These workers also studied the reaction between zinc oxide and 
tetramethyl thiuram disulfide in xylene, rubber, and the solid phase®, as well as 
that between zinc oxide and mercaptobenzothiazole in xylene and in rubber”. 


III. DIFFUSION AND DISPERSION 


A. Role of diffusion and dispersion in elastomer technology.—The transport 
phenomenon of diffusion is extremely important in elastomer technology and 
determination of diffusion coefficients or simple qualitative estimation of rate of 
diffusion has been the subject of research having both theoretical and practical 
interest. Quantitative methods for following diffusion of low molecular weight 
organic compounds in elastomers are useful in characterizing the relationship 
between structure of the polymer and that of the penetrant. The data may assist 
in development of theoretical principles, such as those relating polymer structure 
to internal frictional losses. Similarly, techniques for determining the diffusion 
coefficient of free sulfur in elastomers at different temperatures permit calculation 
of the energy of activation for diffusion and estimation of effects of compounding 
ingredients on diffusion. The value of techniques by which movement of minor 
ingredients in compounded elastomers can be followed is apparent from considera- 
tion of the effect of distribution of these constituents on properties of the finished 
articles. Moreover, low solubilities of many of these substances in rubber may, 
through diffusion, lead to migration to the surface of the products; subsequent 
crystallization on the surface produces objectionable blooming. Synergistic anti- 
oxidant effects may also have their origin in diffusion phenomena. An excellent 
comprehensive review of diffusion in elastomers has been presented recently by 
van Amerongen®. The principal facets of this phenomenon considered here are those 
which concern application of radioisotope techniques to quantitative and qualitative 
characterization of diffusion of compounding ingredients in elastomers. 


B. Radioisotope diffusion studies and polymer structure—Auerbach and co- 
workers® used organic compounds, e.g. octadecane, labeled with carbon-14 to study 
diffusion in elastomers of molecules comparable in size and structure to segments 
of chain molecules. This technique was proposed as a possible means for obtaining 
information on structure and molecular friction forces in polymers. The experi- 
mental procedure was a modification of that used earlier” in studies of diffusion of 
sulfur in rubber. With the organic substances, however, two layers of polymer 
of equal and uniform thickness were brought into intimate contact. Initially, the 
lower layer contained a known, uniform concentration of radioactive compound 
and the upper layer contained none. As a result of diffusion the concentration of 
tagged compound was ultimately the same in both layers. The concentration 
gradient at the top is zero and this fact together with the low penetration of the 
beta radiation of carbon-14 assured that a radioassay at the top surface by an 
end window counter was an accurate measure of concentration at the surface. The 
diffusion coefficient was calculated from the expression” 
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where C, = equilibrium count rate at top surface, counts/minute, 
C = count rate at top surface at time ft, sec, 
d = thickness of composite test specimen (both layers), cm, 


D = diffusion coefficient, cm?/sec. 


The diffusion coefficient, or diffusivity, D, relates the rate of transfer of diffus- 
ing substance through unit area of a section to the concentration gradient measured 
normal to the section. This assumed proportionality, known as Fick’s first law, is 
expressed as R = —Ddc/dz, where R and c are the rate of transfer per unit area 
and concentration, respectively, of the diffusing substance and z is the space 
coordinate measured normal to the section. A more general equation, which is 
valid for one-dimensional diffusion, is Fick’s second law, 


Oc/dt = D (8c/dz*) (4) 


This equation expresses change in concentration of diffusing substance as a func- 
tion of place and time when diffusion is independent of concentration, which is 
the condition usually assumed at very low concentrations. The above equation 
may be solved in several ways to permit handling experimental data and calcu- 
lation of D. A further example is the integrated form frequently used in studies 
involving diffusion of sulfur-35, 


c = [m/(xDt)"?] exp (—2z*/4Dt) (5) 


where m is the total amount of substance diffusing. The appropriate boundary 
conditions are defined experimentally. Several mathematical approaches useful in 
investigating diffusion in elastomers are included in the review by van Amerongen®, 

Data were obtained by Auerbach and co-workers® to show effects on diffusion 
of parameters of the polymer system such as unsaturation, solution viscosity, and 
crosslink density. In addition, they suggested that the method may be useful for 
studying possible pre-vulcanization structural changes in elastomers. Also, fric- 
tional forces deduced from diffusivity measurements had some correspondence to 
high frequency viscoelastic phenomena which involve small units of structure 
comparable in size to segments of the polymer molecules, 


C. Methods of study of sulfur diffusion and dispersion.—Baldi and Zannetti” 
used the method” based on measurement of activity at the upper surface of a 
specimen whose lower surface was in contact with elemental sulfur-35 to determine 
diffusion coefficients and solubility of sulfur in copolymers of ethylene with pro- 
pylene and 1-butene. Since energy characteristics of the beta particle emitted by 
sulfur-35 are very similar to those of carbon-14 considered previously, count rate 
at the surface was an accurate measure of concentration. These investigators also 
studied mobility of sulfur in the copolymers at elevated temperatures using cylin- 
drical specimens which were sectioned after a suitable diffusion time. Laminae 
were cut from the cylinders in the direction perpendicular to that of sulfur migra- 
tion and activity in each of these sections was measured. Assuming diffusion into 
a semi-infinite medium of an instantaneous source in the form of an extremely 
thin radioactive layer, the authors calculated diffusion coefficients using the inte- 
grated farm of Fick’s second law. Results obtained by this approach were of the 
same order of magnitude as those observed with the method of Auerbach and 
Gehman. 

Inability of bound sulfur, presumed to be present entirely as non-polysulfide 
linkages in natural rubber, to undergo exchange with similarly bound sulfur or to 
migrate was shown by Ludwig”, using separate test specimens and sulfur-35. 
Two compounds, consisting of 100 parts rubber and 15 parts labeled and unlabeled 
sulfur, respectively, were prepared and vulcanized to be 2 mm thick. After extrac- 
tion with acetone, the specimen containing radioactive sulfur was held in contact 
with that which contained ordinary sulfur for five hours at 135° C. The specimen 
initially free of radioactivity was microtomed and radioactivity in each layer was 
determined following oxidation of sulfur to sulfate and precipitation as the benzi- 
dine salt. Very small amounts of activity present in the specimen which initially 
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contained no radioactivity were attributed to migration of low molecular weight 
sulfur compounds which were incompletely removed during extraction. 

Effect of carbon black content on rate of diffusion of sulfur in rubber at ele- 
vated temperatures was also investigated by Auler and Bostrém”. Discs of mixes 
free of sulfur and accelerators, but containing different amounts of carbon black, 
were brought into contact under pressure with a mix containing sulfur-35 at tem- 
peratures between 110° and 120° C for five hours. Layers were microtomed from 
cylinders cut from the composite specimens and activity of each was determined 
as barium sulfate-“S after oxidation. The logarithm of per cent sulfur c in each 
layer, as determined from specific activity, was plotted against the square of diffu- 
sion distance x. Since In [co/ (#Dt)"] is a constant in this experimental approach, 
diffusion coefficient D is defined by In c = Constant — (2?/4Dt). 

Diffusion rate was dependent on temperature and carbon black content; effect 
of black concentration increased with increasing temperature and above 80° C 
exceeded that of temperature. Diffusion of sulfur in rubber compounds may thus 
be kept within desired limits by variation of black content. 

Chernykh and co-workers” examined the effect of carbon black pH on rate of 
diffusion of sulfur-35 in copolymers containing either methylvinylpyridine or 
carboxylic monomer units. Use of a basic active furnace black caused marked 
increase in diffusion coefficient for the elastomer made with the pyridine derivative 
and decrease in the carboxylic polymer. Results were interpreted in light of possible 
formation of chemical bonds between rubber and filler. Other investigators also 
studied diffusion of sulfur in elastomers quantitatively using the radioactive ele- 
ment. Blokh and co-workers” characterized sulfur migration through several bar- 
rier materials in studying cable insulation. Mozisek”® measured diffusion coefficient 
through a tread rubber containing carbon black by a modification of the original 
end-window counting method”. A thin rubber disc was placed over a uniformly 


thin layer of sulfur on mica and count rate was followed at the surface. From the 
equation 


I = [Io/(#Dt)'”] exp (—2°/4Dt) (6) 


where Jp = original count rate, J = count rate after t sec, x = specimen thickness, 
cm, the expression 


In [7 (t)"7] = In [Jo/(#D)"7] — (22/4Dt) (7) 


may be derived. For a single specimen at constant temperature, In [Jo/(#D)'”] is 
a constant and the value of D may be obtained graphically from a plot of In [J (t)'”] 
against 1/t. Accuracy of the method is good at low temperatures with small values 
of t and for z?/4Dt > 1.5. End window counting was also used for determination of 
diffusion coefficients of solvents labeled with carbon-14, as well as of elemental 
sulfur, in synthetic elastomers”. 

Uniformity of sulfur distribution in compounded rubber has practical signifi- 
cance since it is one of the main prerequisites in production of rubber with repro- 
ducible physical properties. Similarly, migration or diffusion of sulfur under the 
diverse conditions used in compounding and curing many types of multi-ply 
articles is an important factor in control of such processes. Auler and Bostrém” 
studied these factors for giant tires. Blokh and co-workers”: used end-window 
counting to study sulfur distribution on a mill; to estimate sulfur migration through 
fabric in multi-ply products; and to study local variations in concentration of 
crosslinks in automobile tires caused by differences in vulcanization kinetics in 
the body of the compounds and in the boundary layers. Blaunshtein and Berman™ 
compared several methods for effecting distribution of sulfur during compounding. 
Sulfur added in dispersion in liquid petrolatum gave compounds having better 
homogeneity than those with sulfur added as a masterbatch or mixed with a soft- 
ener. In addition, sulfur was more uniformly distributed when added on a mill 
than when added in a Banbury mixer. Blokh and Kormil’tseva™ investigated 
diffusion of sulfur in boot compound and interpreted the results in terms of mono 
and polysulfide bonds. Epshtein and co-workers® also used radioactive sulfur in a 
study of migration during vulcanization of tires. 

Autoradiography, or recording of the distribution of radioactivity in a specimen 
by means of photographic emulsions, has been useful for quantitative and quali- 
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tative characterization of sulfur dispersion. Theory and general practice of this 
technique have been considered in detail by Yagoda™ and more recently by Boyd®, 
who included an extensive discussion of possible sources of error in the method. 
Since sulfur-35 emits a relatively weak beta particle only, a nuclear emulsion 
sensitive to this radiation is selected. Grain concentration in the emulsion deter- 
mines the probability of a particle striking a grain and is thus an important factor 
in sensitivity. Good resolution, or differentiation between adjacent active areas, 
requires a fine grain émulsion. Sensitivity, however, is reduced as grain diameter 
is decreased and choice of grain size is thus a compromise. Resolution also increases 
with decreasing emulsion thickness and thin emulsions are therefore desirable. 
Mozisek and Klimanek® considered these and other pertinent variables, such as 
exposure time, in contact autoradiography with sulfur-35 while using the technique 
to study dispersion of sulfur in milled rubber. The method may be made quanti- 
tative by preparing mixes with different concentrations of radioactivity and meas- 
uring darkening of the film with a photometer. Similarly, homogeneity of sulfur 
distribution may be determined using a recording microphotometer. In contrast to 
poor resolution characteristics of end-window counting, autoradiography offers a 
resolution of at least 50 microns for sulfur-35. In a corresponding investigation 
Yokose and co-workers® used this technique to study dispersion of sulfur in butyl 
rubber and to follow its rate of combination with the elastomer during vulcan- 
ization. 

D. Diffusion and dispersion of components other than sulfur—Migration of 
plasticizers and antioxidants is also an important aspect of elastomer technology 
which is amenable to investigation with tagged compounds. Hartmann and co- 
workers®—-® studied diffusion of several carboxyl-labeled esters of phthalic acid 
and aliphatic alcohols in rubber compounds using a quantitative microautoradio- 
graphic method. Plasticizer was placed in a thin layer between two vulcanized 
specimens of rubber and pressure was applied. After definite time intervals, the 
specimens were sectioned ‘in the direction of plasticizer migration and autoradio- 
graphs were made of the plane surfaces. Distance from the surface of the rubber to 
the point where concentration of plasticizer was one-half the surface concentration 
was determined from the autoradiographs by means of a microphotometer. Using 
the integrated form of Fick’s second law valid for the condition wherein 2,2 is the 
half-width of the concentration distribution, characterized here as the point where 
radiation intensity is one-half that at the surface, the diffusion coefficient could be 
calculated from the expression D = (0.25/In 2) (z*:2/t). A second experimental 
approach, in which diffusion of plasticizer from one elastomer specimen into a 
second was effected, was less satisfactory. Diffusion decreased with increasing carbon 
chain length and degree of branching of the alkyl moiety. 

In autoradiographic diffusion studies, the labeled penetrant must possess a 
specific activity sufficiently high to permit exposure periods which are very short in 
comparison with diffusion times; low exposure temperatures are also desirable to 
reduce further diffusion. The autoradiographic method may be used to follow 
diffusion and dispersion of other compounding ingredients, e.g., accelerators and 
antioxidants, tagged with either carbon-14, sulfur-35, or tritium. 

Maloshuk and co-workers” studied the effect of migration of labeled butyl 
phthalate in polyisobutylene on self-adhesion; radiation intensity at the surface 
was followed by end-window counting and increased to a maximum corresponding 
to amount of ester migrating to the surface. 

A novel approach to measurement of diffusivity of extender oils in elastomers 
was employed by Lewis and Deviney*!. They tagged the aromatic and polar frac- 
tions of oils by means of a Friedel-Crafts reaction with propyl-“C bromide and 
labeled the separated paraffinic fraction using methylene diradicals generated by 
photolysis of diazomethane-“C. A thin disc of rubber compounded with the labeled 
oil was then vulcanized to a disc of oil-free compound having the same dimensions. 
After vulcanization, migration of the oil at elevated temperatures was followed by 
end-window proportional counting. Diffusivity was calculated using the initial 
count rate at the surface of the tagged disc and the count rate at the surface of the 
originally oil-free disc, measured at different times. The effect of simulated work- 
ing conditions on oil migration between compounds cured separately was studied 
using combustion and liquid scintillation counting techniques to supplement end- 
window assay. Diffusion coefficients, expressed as an average, decreased with time 
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for a specific oil fraction in a rubber at constant temperature. The decrease reflected 
the molecular weight heterogeneity of the labeled oil. 

For determination of diffusion coefficients of 2, 6-di-tert-butyl-4-methylphenol-“C 
and phenothiazine-“S in polypropylene, Gromov and co-workers” used the “thick- 
layer” method discussed by Zhoukovitsky®. A very thin coating of the substance 
of high specific activity was applied to a relatively thick specimen of polymer and 
decrease of surface activity with time was followed. The equation describing varia- 
tion of concentration, c, as a function of time and depth of penetration, is 


c = [m/(xDt)'”] exp (—2?/4Dt) (8) 


where m, grams of substance deposited, is used in conjunction with an integral 
characteristic of radiation absorption and scattering to relate the fraction of the 
initial activity at time ¢ to the diffusion coefficient; the latter is obtained from a 
plot of the fraction of initial activity as a function of 1/#. Radiation character- 
istics of sulfur-35 and carbon-14 are advantageous in this technique since the low- 
energy beta particles are readily absorbed in the polymer. Evaporation of the 
small amounts of labeled substances is a possible source of error; this effect, how- 
ever, may be reduced by incorporating the compound between two layers of 
polymer. 

Diffusion from a thin layer of tritiated polyisoprene, molecular weight 8000 to 
28,000, into natural rubber at elevated temperatures was studied in a similar 
manner by Bresler and co-workers™ by determining rate of decrease of surface 
activity. Coefficient of diffusion was derived by comparing experimental curves, 
obtained by plotting the fraction. of initial activity, J/Jp, at time t, as a function of 
the logarithm of t, with the theoretical J/J) = f (In w*Dt), where yu is the experi- 
mentally determined linear absorption coefficient of tritium in rubber and f is a 
function of integral functions. The very low maximum energy of tritium beta 
particles is advantageous here, since sensitivity is high as a result of strong absorp- 
tion by the polymer; diffusion coefficients of the order of 10— to 10— em?/sec may 
be determined in ten to twenty hours using this radioisotope. End-window counting 
cannot be used with tritium under these conditions, however, and an internal 
proportional counter was employed. The specimen was sealed within the counter, 
which was equipped with an internal heater to provide precise temperature control. 
Skewis® similarly investigated self-diffusion in styrene-butadiene, butyl, ethylene- 
propylene, and natural rubber. Tritiated polymers were obtained by irradiating 
mixtures of the respective polymers with lithium-6 carbonate in a neutron field. 
Diffusion coefficients, accurate to at least an order of magnitude, were obtained 
from theoretical plots of J/Ip against Dt, which were prepared using various assumed 
values of film thickness and experimentally determined absorption coefficients. 
Good agreement was observed between values for the diffusion coefficient of a 
styrene butadiene copolymer measured with both carbon-14 and tritium at 25° C. 

Migration of pentaerythritol and the barium and cadmium salts of stearic and 
myristic acids in styrene butadiene rubber was measured by McHenry™ in a study 
of the synergistic antioxidant action of these ingredients. Compounds were pre- 
pared containing both additives, one of which was tagged with tritium, and were 
aged under different conditions. Small amounts were removed from the surface of 
each specimen with a buffer and the particles collected were separated according 
to size. Specific activity of the particles was determined by means of liquid scintil- 
lation counting, wherein the insoluble material was suspended in the scintillator 
solution with a thixotropic gel powder. The data revealed higher surface concen- 
tration and lower rate of loss of pentaerythritol in presence of the soaps; rate of 
loss of the soaps, on the other hand, was unaffected by presence of pentaerythritol. 
Increased surface concentration of pentaerythritol in presence of the soaps appar- 
ently enhanced the function of the substance as an antioxidant. 

Other quantitative radioisotope studies of diffusion based on the techniques 
discussed here were made by Gilbert and co-workers’, who pointed out their value 
for measuring plasticizer migration in elastomers. 

Dispersion of silica in rubber was investigated by Hermann and co-workers®, 
using phosphorus-32 adsorbed on the filler as an indicator; distribution of the 
silica was followed with the aid of a microautoradiographic technique. A strong 
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beta emitter was selected in this instance to offset self-absorption occurring in the 
filler. 

E. Significance of radiochemical purity of labeled penetrants.—When organic 
compounds labeled with radioisotopes are used in diffusion studies, accuracy may 
be affected significantly by radiochemical purity of the substance whose migration 
is to be followed. Radiochemical purity, or proportion of sample activity which is 
in the stated chemical form, is affected by diverse factors; most important among 
these are method of synthesis, specific activity, storage time and conditions, and 
chemical structure. These and other aspects of the stability of tagged organic 
compounds have been considered in detail by Bayly and Evans” and by Rochlin™. 
Importance of radiochemical purity determinations at the time of use is empha- 
sized by recent work of Muhs, Bastin, and Gordon™, who analyzed six commer- 
cially available hydrocarbons containing carbon-14. Although chemical purity was 
greater than 99 per cent in all cases, radiochemical purity was no greater than 
50 per cent. Since radioactive impurities may consist of polymeric species of molar 
specific activity comparable to that of the expected compound, as well as of sub- 
stances having comparable volatility but higher specific activity, accurate deter- 
mination of diffusion coefficients or qualitative estimation of migration requires 
preliminary purification of the labeled substance. A description of the method used 
to assure radiochemical purity of tagged compounds in diffusion studies is thus 
desirable and may be considered as a necessary adjunct to such work. Preparative 
scale gas chromatography, where applicable, is a useful and convenient means of 
purification™. 


IV. ADSORPTION AND COAGULATION 


A. Solids adsorption on dipped tire cord.—The extreme sensitivity with which 
radiation may be detected has made the radioisotope approach valuable for in- 
vestigating the nature and extent of adsorption of both resin and latex solids by 
synthetic fabrics used in modern tire construction. Here significant variables are 
weight of solids deposited per unit length of cord and depth of penetration of 
adhesive in the dipped cord. Both of these factors are amenable to quantitative 
characterization with labeled substances. 

Determinations of weight per cent latex solids on cord may be made using 
resin or latex synthesized from a labeled organic precursor or by means of a water 
soluble inorganic compound. Although use of a tagged resin or elastomer represents 
a definitive method for studying adsorption of the respective components, this 
technique is unsuitable for rapid measurement of uniformity of distribution of 
solids over extensive lengths of cord; low energy of the beta particles from available 
isotopes leads to marked self-absorption and requires combustion of segments for 
accurate analyses. If, however, a strong beta emitter is added to the cord dip, 
absorption of radiation in the organic matrix is negligible and activity on the 
cord may be monitored continuously by a glass-walled Geiger tube mounted lon- 
gitudinally. Relationship between count rate and concentration of dip components 
on cord may be established by calibration based on gravimetric or chemical analysis 
and, since activity is proportional to weight of adsorbed material, this radiometric 
technique may be used to monitor dipping under conditions of standard cord 
geometry. Suitability of phosphorus-32 for this application was demonstrated by 
Mozisek!*-™, The isotope was added as disodium phosphate in an amount insignifi- 
cant in comparison with dip solids concentration. The cord was dried and drawn 
beneath a detector connected to a recording count rate meter to obtain a continuous 
record of cord impregnation. Although short half-life is desirable for production con- 
trol in order that activity may quickly decay to an acceptable level, the rapid de- 
crease in activity requires frequent standardization; this disadvantage is accentuated 
if sodium-24 and arsenic-77, also recommended by the author, are employed. 
Accuracy of the radiometric method is determined by accuracy of the calibration 
and precision of decay corrections. Inherent value of this technique lies in the 
speed with which a quantitative evaluation may be made of the effect of experi- 
mental conditions, such as tension and squeezing, on quantity of dip solids per 
unit length of cord. At a concentration of 0.5 millicurie of phosphorus-32 per liter, 
precision of representative measurements was +3%'. Oubridge® showed that 
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accurate measurement of dip solids adsorbed on cord segments was possible by the 
radiometric method alone, thus obviating calibrations made by gravimetric or 
chemical analysis. 

Characterization of depth of penetration of dip solids into the fiber structure 
of cord is also feasible using autoradiography and isotopes emitting only weak 
‘beta particles. As in quantitative measurement of dip adsorption, two approaches 
are possible and these involve either a labeled component or addition of a water- 
soluble inorganic compound. Here, however, labeling by means of the organic 
moiety has been preferred since availability of the very weak beta-emitter tritium 
offers potentially excellent resolution in autoradiographs. Since formaldehyde is 
in common cord dip formulations, it may be labeled with tritium and incorporated 
into the system. The method has been described by Park’. and by Yokoyama 
and Onchi!™, After dipping, squeezing, drying, curing, washing and redrying, 
the cord was mounted in a polymer block formed by polymerizing methyl meth- 
acrylate. Sections 1 mm thick were removed and lifted under suitable autoradio- 
graphic emulsion floated on water; photomicrographs were made from the auto- 
radiographs obtained after exposures varying from a few days to several weeks. 
Effects of cord tension and variation between dips caused by differences in degree 
of coagulation of the latexes, as well as differences in behavior of nylon and viscose 
cord, could be demonstrated. Since only formaldehyde is labeled, the autoradio- 
graphs reflect concentration and distribution only of the phenol-formaldehyde 
component of the dip. As an alternative to use of tritium, Mozisek employed 
trace amounts of sodium sulfate-™S added to the formulation. Darkening on the 
photomicrographs was measured with a microphotometer and concentration max- 
ima of adsorbed material were estimated from the data. Quantitative interpreta- 
tion of the data required establishment of the experimental relationship between 
film darkening and specific activity of the radioactive indicator. Application of this 
technique involves the assumption that dip solids are adsorbed by the cord in the 
manner of sodium sulfate. 

A corollary to radioisotope investigations of cord-dip adsorption phenomena is 
use of tagged substances to study nature and location of failure in rubber-cord 
adhesive systems. This was done by Boguslavskii and co-workers in examining 
factors affecting bond strengths in‘systems of this type. Strontium-90 with calcium 
oxalate carrier was dispersed in ammonium caseinate and the dispersion was added 
both to dips and to rubber compounds on the mill. Cords passed through radio- 
active material were cured on slabs of nonradioactive polymer and, conversely, 
cords treated with inactive dip were cured on carcass compounds labeled with the 
inorganic substance, which does not diffuse in rubber. Cords and rubber were then 
separated by a standard ply-separation test and transferred activity was deter- 
mined radiometrically by end-window counting. Effect of dips of different compo- 
sition on proportion of initial activity transferred to rubber or to cord was investi- 
gated extensively. It was concluded that bond strength can be increased by 
simultaneously increasing both cohesive and adhesive properties of the dipping 
composition. 

B. Coagulation, ionic deposition, and gelation of lateres.—Methods for separa- 
tion of polymers from latexes produced in emulsion polymerization are based on 
addition of electrolytes. Determination of the stability of latexes toward these 
additives is thus an important aspect of their characterization. Small amounts of 
cation irreversibly bound to the polymers, when coagulation occurs through for- 
mation of water-insoluble compounds by reaction of cations with stabilizer anions, 
may be determined accurately using a radioisotope of the cation. Studies of coagu- 
lations with calcium-45 chloride in this circumstance led Sandomirskii and 
Vdovchenkova™ to propose the term “calcium number’’, defined as number of 
milliequivalents of calcium combined with one gram of coagulum, as a measure of 
stability of a latex to electrolytes. Relative stabilities of latexes may thus be deter- 
mined quantitatively: the higher the calcium number, the greater is the amount 
of electrolyte required to coagulate the latex. Calcium number was independent of 
latex concentration and decreased on aging, dialysis, or centrifugation. Additional 
experiments with sodium tridecylate-“C as stabilizer showed that total conversion 
of this substance to insoluble calcium salt is unnecessary for coagulation. 

Calcium-45 also proved advantageous in a similar study by Sandomirskii and 
Vdovchenkova"™ of ionic deposition of rubber, a phenomenon of considerable im- 
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portance in applied latex technology. In this instance, a mixture of a concentrated 
solution of calcium-45 chloride and kaolin was placed on a glass slide and immersed 
in latex for definite periods of time, after which deposited polymer gel was removed 
and assayed. Milliequivalents of calcium associated with one gram of deposited 
rubber was termed in this case “calcium equivalent,” in order to distinguish it 
from the previously defined calcium number. This concept was shown to be useful 
for characterizing behavior of latexes in ionic deposition. Concentration of coagulant 
solution and duration of deposition were, for example, without effect on calcium 
equivalent, whereas amount of rubber deposited increased with coagulant con- 
centration; the requirement of a definite quantity of cations for deposition of a 
definite quantity of rubber was thus proved. In general, calcium equivalent de- 
creased with dilution of the latex as a result of desorption of stabilizer from latex 
particles. However, behavior of latexes with different protective substances could 
not be predicted in ionic deposition from a comparison of calcium equivalents; this 
comparison was applicable only to latexes having similar stabilizer systems. From 
an investigation using zinc-65 oxide and ammonium salts in latex gelation", a zinc 
equivalent analagous to the calcium equivalent was proposed for characterizing 
latexes in which gelation is induced with these substances. The relationship, how- 
ever, between cation equivalent and latex concentration was not the same in 
gelation as in ionic deposition; zinc equivalent increased with dilution of the latex 
due to formation of less dense gels. The value was independent of amount of gela- 
tion agent. As in the case of calcium equivalent the concept was useful for quanti- 
tative study of effects of aging, dialysis, and type of stabilizer. 

Sensitivity of the radioisotope method was made use of by Kolechkova and 
Poddubnyi!” in studies of the concentration of salts of dibutylnaphthalene sulfonic 
acid and of calcium in coagulum, serum, and wash water as a function of the con- 
ditions of latex coagulation and washing. The anion was labeled with sulfur-35 
and calcium-45 was used to determine calcium concentration. Inferior properties 
of polymers coagulated with calcium chloride, in comparison with sodium chloride, 
were attributed to presence of calcium dibutylnaphthalene sulfonate and stearate, 
as well as of calcium chloride, in the products. 


V. RADIOREAGENT METHODS 


Adequate structural characterization of synthetic elastomers requires specific 
and sensitive methods for determining both terminal and internal functional groups 
introduced during polymerization. Internal recurring groups in the polymer chain 
are commonly introduced through a difunctional monomer in polymerization and 
usually may be determined by chemical or physical methods. End groups, or those 
arising mechanistically in addition polymerization, are often present only in con- 
centrations which are below sensitivities of conventional techniques. Principal 
value of estimations of end groups in addition polymers has been in elucidating 
mechanism of polymerization. Quantitative use of labeled compounds for this 
purpose has been reviewed by Ayrey". The need exists, however, for accurate 
methods whereby terminal functional groups may be determined in addition 
polymers without incorporation of radioactive substances in the polymerization 
system. 

Reaction of a functional group in a polymer with a substance containing a 
radioactive isotope and removal of excess labeled reactant offers in principle a 
means to determine small concentrations of organic structures in macromolecules. 
Use of a tagged reactant in this manner for formation of a radioactive derivative 
which may be separated and assayed for combined activity has been termed the 
“radioreagent”’ technique. A discussion of this facet of radiochemical analysis and 
its differentiation from other methods involving application of radioisotopes to 
analytical chemistry has been presented by Reynolds and Leddicotte™*. Several 
conditions exist, however, for successful use of this technique. Conversion of func- 
tional groups to the desired derivatives must be quantitative or reproducible to a 
known degree. Moreover, a “‘clean-up” technique must be available whereby excess 
reagent may be seperated from radioactive polymer without loss of activity through 
degradation; mechanical losses are permissible provided these do not involve mo- 
lecular weight fractionation. Finally, a suitable radioassay method, applicable to 
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radioreagent as well as polymer, is required. Concentration, E, of tagged group in 
the polymer following reaction is given by the equation E = S,/S, where E is 
expressed in equivalents per gram, S, is specific activity of polymer isolated in 
radioactivity units per gram, and S, is specific activity of reagent in the same 
radioactivity units per equivalent. Since the labeled macromolecule may differ 
significantly in molecular weight from the molecule before reaction, concentration, 
C, of functional group to be determined in the original sample in equivalents per 
gram may be related to E by the expression C = E/1 — (E)(Wi — W2) where 
W, is weight of the molecular group introduced and W, is weight of the molecular 
group displaced; W; — W, thus represents increase in equivalent weight through 
derivative formation. 

The radioreagent technique may be used to determine number average molec- 
ular weight when reaction stoichiometry is assumed to be known and a labeled 
group may be introduced into each polymer molecule. Howland and co-workers!"* 
used this principal to determine molecular weight of polybutadiene prepared in 
an emulsion system with tert-alkyl mercaptans tagged with sulfur-35 as chain 
transfer agents. Experimental conditions were selected to minimize effect of initia- 
tion and termination reactions. Presence of one modifier unit in each elastomer 
molecule was assumed. Average molecular weight of primary chains determined 
in this manner was used in conjunction with that obtained by osmometry to esti- 
mate crosslink density. 

Absorption spectroscopy is valuable for routine determination of functional 
groups in elastomers if proximity of other bands does not obscure the band char- 
acteristic of the group to be studied. When an interference of this type exists, the 
difficulty may be overcome provided that the structure can be converted quanti- 
tatively to a configuration having a resolvable absorption band. Reaction with a 
radioreagent then furnishes a means for standardizing the spectroscopic method. 
This principle was used by Kramm and co-workers"® as basis of an infrared tech- 
nique for determining hydroxyl groups in oxidized polyethylene. In this instance 
hydroxyl groups were converted to acetyl groups with acetic-2-“C anhydride, after 
which excess reagent was hydrolyzed and the polymer isolated. The C—O stretching 
vibration band of the acetylated product was used for estimation of ester content, 
which was then equated to concentration of hydroxyl groups. 

Determinations of carbonyl groups on the surfaces of very thin polyethylene 
sheets subjected to oxidative media were made by Nitzl"® using 2, 4-dinitrophenyl- 
hydrazine-“C for formation of labeled derivatives. Treated specimens were placed 
in a dilute sulfuric acid solution of this reagent to effect reaction and residual 
labeled compound was removed by washing. Radioactivity on the surface was 
determined using a flow gas counter and, with a calibration made by counting 
the radioreagent, could be converted to concentration of carbonyl groups on the 
assumption that these were formed in the same amounts on both surfaces of the 
specimens. If the sheets are thicker than the range of carbon-14 beta particles, 
however, this assumption is not required and the two surfaces may be assayed 
independently. 

Determination of small concentrations of double bonds in elastomers is an 
important aspect of polymer characterization since these unsaturated centers 
represent points at which vulcanization, degradation, or other modification of the 
macromolecule may occur. Chemical techniques are in general useful to a lower 
unsaturation limit of approximately 0.10 millimole of double bond per gram and 
accuracy at this level is usually dependent on rigorous purification of the polymer, 
particularly with regard to removal of antioxidants. McNeill’ stressed the need 
for improved sensitivity in analytical methods for very small concentrations of 
double bonds in elastomers and approached the problem through use of elemental 
chlorine-36, a pure beta emitter with a very long half-life, as a radiqreagent. This 
substance may be prepared from palladous chloride and manipulated quantita- 
tively on a vacuum line. The method was applied initially to butyl rubber and 
reaction of chlorine with double bonds of the isoprene type proceeded without 
serious side reactions. In absence of light and air the reaction is anomalously one 
of substitution rather than addition and two atoms of chlorine are incorporated 
for each double bond present. Comparison of the radioreagent method for unsat- 
uration in butyl rubber with the iodine monochloride procedure of Lee, Kolthoff, 
and Johnson™*® revealed the former technique to be affected less by amount of 
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excess reagent; good agreement was observed, however, between the two methods 
with representative polymer samples. Chlorine-36 is thus a useful reagent for 
determining unsaturation in micro amounts of butyl rubber, as well as in specimens 
of this elastomer having very low concentrations of double bonds. McGuchan and 
McNeill"*™ subsequently extended the technique to determination of unsatura- 
tion in polyisobutene, prepared at —78° C with stannic chloride as catalyst. With 
the aid of model compounds and low molecular weight polymer, the reaction be- 
tween chlorine and terminal unsaturation present in this elastomer was shown, as 
in butyl rubber, to be one of substitution rather than addition. Examination of 
the stoichiometry, however, revealed that a monochloro derivative was formed, 
rather than the dichloro product obtained with butyl rubber. These results indicate 
that application of radiochlorine to determination of unsaturation in macromole- 
cules requires preliminary estimation of the number of atoms entering the polymer 
molecule for each double bond present and that model compounds are desirable 
for these introductory studies. 

The availability of anionic polymerization systems, whereby addition polymers 
may be prepared having terminally reactive carbon-metal bonds, has led to devel- 
opment of a new class of difunctional macromolecules which are capable of under- 
going subsequent extension or crosslinking reactions. The functional groups in 
these polymers, for which the term “‘telechelic” has been proposed'', are introduced 
by contacting the alkali metal-terminated precursors with low molecular weight 
compounds, such as carbon dioxide, carbon disulfide, or ethylene oxide. Concen- 
tration of the functional groups in the derivatives may be established accurately 
by appropriate analyses. The reactions of the carbon-metal bonds, however, are 
sensitive to experimental conditions and an analytical technique for determining 
active centers in the precursors is useful in assessing the efficiencies of these proc- 
esses with regard to yield of desired product. Campbell and Warner! made use 
of the immediate and irreversible reaction of the carbon-lithium bond with aliphatic 
alcohols containing hydroxylic tritium to determine this structure in polybuta- 
dienyllithium: 


—CH-PLi® + RO*?H ——CH,'H + ROLi 


The method was employed to evaluate efficiency of the low temperature carbox- 
ylation of organolithium precursor. Hsieh! has also indicated utility of this reac- 
tion in characterizing anionic polymerization systems. A particular advantage of 
the technique is its applicability to studies of rate of change of carbon-lithium 
content during polymerization, since aliquots may be removed from the system 
and terminated in a hydrocarbon solution of excess alcohol without introducing 
a significant error attributable to isotope effects. Subsequent investigations have 
shown that, with the aid of liquid scintillation counting, the method may be used 
for determining carbon-lithium molarities of solutions of polymeric organolithium 
derivatives, 


VI. APPLICATIONS OF SPECIAL RADIOISOTOPE TECHNIQUES 


A. Activation methods of elemental analysis—Need for extremely sensitive 
methods for determining trace amounts of certain catalytically active metals, such 
as copper and manganese, in natural rubber has long been recognized and advent 
of synthetic elastomers prepared with diverse organometallic catalysts has ex- 
tended this need to other elements. Advantage may be taken of the high sensi- 
tivity of detection of radioisotopes in this application provided that a suitable 
technique is available whereby elements of interest may be converted to radio- 
isotopes having useful half-lives and radiation characteristics. Artificial radio- 
activity thus induced in the specimen may then be detected and determined 
quantitatively by standard methods. Techniques for production of radioisotopes 
of the pertinent elements commonly involve introduction of the specimen into a 
flux of moderated neutrons or gamma photons. 

In the usual method of neutron activation analysis, the specimen is placed in 
a nuclear reactor at a location characterized by a uniformly high flux of slow 
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neutrons for a period sufficient to produce a measurable amount of the radioactive 
species of the element to be determined. Irradiation time is dependent on half-life 
of the isotope produced and little advantage is obtained by irradiating for more 
than three or four half-lives. A typical reaction is that of manganese, which yields 
a radioactive isotope with half-life 2.6 hours: 


S5Mn+ m™— *Mn+y¥ 


Number of disintegrations per second, A;, of a given isotope of an element at time ¢ 
after start of irradiation is expressed by 


A, = Noo[1 — exp (—0.693¢/7') ] (9) 
where N = total number of nuclei of element present in the specimen 
¢ = slow neutron flux, neutrons/cm?/sec 
o = activation cross section, in units of 10-*4 cm? or barns 
T = half-life of radioisotope. 
Weight IW of element, in grams, is given by 


A.M 


W = 602 X 10%Go (1 — exp [—0.6031/T]) 





(10) 


where M = atomic weight of desired element. 

Using cross section values per atom of stable element and known half-life 
values, activity which would result from activation of one microgram of an element 
in a given neutron flux may be calculated. For manganese-56 and copper-64, which 
are the radioisotopes obtained with manganese-55 and copper-63, these saturation 
activities in a readily-attainable reactor neutron flux of 10" neutrons/cm?/sec are 
8.8 X 10° and 1.7.X 10° disintegrations per minute per microgram, respectively. 
With an assumed detection efficiency of twenty per cent, quantities of these ele- 
ments, in micrograms, which. will provide activities of 100 counts per minute above 
background are 5.7 X 10~* for manganese and 2.9 X 10-* for copper. Although 
measurement of absolute induced activities is feasible, use of a standard sample 
containing a known weight of element obviates determination of counting efficiency 
and of neutron flux at the point of irradiation. Depending upon presence of ele- 
ments yielding isotopes having interfering radiation characteristics, chemical sep- 
arations may be necessary following activation. Where these separations are not 
required and activities are thus determinable instrumentally by the comparative 
technique, the method may be considered nondestructive. Chief limitations of 
the procedure have their origin in nuclear properties of the atom. Advantages of 
the method are high sensitivity and accuracy for many elements which are not 
conveniently determinable by standard methods of trace analysis. In addition, 
if an element is present in an amount sufficient to permit identification of its half- 
life and radiation energy, the concentration may be determined in a straight- 
forward manner. Lyon’ has compiled an excellent presentation of the many 
facets of this versatile technique. 

Several investigators have used neutron activation for trace elements in elas- 
tomers. Dalziel and Hsia!* determined copper in the ash of natural rubber latex, 
employing homogeneous sulfide precipitation to resolve the gamma activity of 
copper-64. Isotopes with half-lives in the range of 10 seconds to 30 minutes were 
used to advantage by Chinaglia and co-workers'’ and by Guinn'™ to determine 
aluminum and titanium with sensitivities of one and five parts per billion, respec- 
tively, as well as vanadium and chlorine in elastomers. Takeuchi and Ishii!” de- 
scribed the determination of sodium and Simkova and co-workers accurately 
determined iodine in polymers. In addition, Walker and Eggebraaten™ employed 
this technique to estimate quantitatively the nitrogen content of a rubberized 
sealant in the range 3 to 5 per cent; the method was readily adaptable to routine 
use and four specimens could be analyzed in twenty minutes with a relative repro- 
ducibility of at least +1 per cent. The fast neutron flux required for this applica- 
tion was derived from an accelerator. 
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Use of gamma quanta for activation analysis of oxygen in rubber has been 
described by Chepel’ and co-workers':!*, The specimen is irradiated with photons 
produced in a betatron, synchrotron, or linear accelerator to transform oxygen-16 
to oxygen-15, which has a half-life of two minutes: 


M+y—> On 


Identification of oxygen-15 is made by means of emitted positrons or by the two 
gamma rays formed in annihilation of the positrons. Although carbon-12 under- 
goes a similar reaction with gamma quanta to yield carbon-11, the radioisotope of 
oxygen may be differentiated from that of carbon on the basis of the energy differ- 
ence between the gamma rays produced in the respective positron annihilation 
reactions. Sensitivity of the method is 0.03 weight per cent oxygen and accuracy 
is 1 to 2 per cent in samples having an oxygen content in the range of 0.3 to 5 
per cent. The method is advantageous for quantitative determinations of oxygen 
in rubber during processing and aging. 

B. Dating and identification of products—Accurate methods for identifying 
and dating rubber products, especially those of small size produced in large quan- 
tities, are a valuable aid in the interpretation of data obtained in end use applica- 
tions involving aging and deterioration. Conventional dating methods, such as 
serialization, are inadequate for high volume items and often unreliable under 
conditions of severe wear and degradation. Gregson and co-workers™:'*5 indicated 
a practicable and potentially versatile approach to the difficulty of elastomer 
product identification and dating. The method is based on incorporation of two 
radioisotopes into the compound which differ significantly in half-life. One of the 
isotopes must have a relatively long half-life and serves as a reference standard 
for the pair, whereas the other, of much shorter half-life, serves as timer species. 
Time elapsed since formulation of the mixture is measured by change in initial 
ratio of timer to standard species and may be calculated from the age equation for 
nuclide pairs: 


t= 1.442[ r172/ (T2 —_ 71) ] In (R/ Ro) (11) 


where ¢ is age; 71, half-life of timer species; 72, half-life of standard species; R, 
ratio of activities of standard and timer species at time ¢t; and Ro, initial ratio of 
standard and timer species. 

Experimental transmission measurement data are used in place of the nuclide 
ratio in the above equation and modification of the reference method wherein the 
nuclide emitting the more penetrating radiation is used as the plot standard per- 
mits direct calculation of extrapolated transmission values required in timing 
applications. Small initial ratios of standard to timer in the range of 1.0 to 0.25 
are desirable and minimal errors are observed in time intervals between one and 
five timer half-lives. Effect of self-absorption in use of the method with dated 
rubber compounds was overcome by employing plot standards which appear 
infinitely thick to the more energetic nuclide of the pair. A high degree of radio- 
chemical purity in the isotopes is necessary, particularly when the contaminant 
radiation has an energy which makes its resolution from that of the pair difficult 
and when its half-life is greater than that of the timer species. Low-level beta and 
gamma detection systems are necessary for determining the ratio of nuclides since 
actual product applications require minimal amounts of radioactivity to meet the 
exempt concentrations specified by federal regulations. Under these conditions, 
an accuracy of +5 per cent in product age is attainable with the procedures. — 

An alternative to incorporation of a radioisotope into an elastomeric composi- 
tion at the time of manufacture for product dating and identification is addition 
of an extremely small concentration of an indicator element and subsequent con- 
version of the substance to a radioactive form by neutron activation.,A reported 
application of this approach is addition of one or more elements having capture 
cross sections for slow neutrons of 1 to 2100 barns and irradiation of the polymer 
in a nuclear reactor, The indicator element is usually present at 10~* to 10-* 
per cent by weight of polymer and gives radioisotopes having half-lives in the 
range of twenty minutes to seven days. Elements used are manganese, indium, 
lanthanum, or iodine, or their compounds. 
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Miller, McNall, and Rehner™’ used zinc-65 soaps incorporated in elastomers 
as a tag or label to differentiate between products differing in unsaturation. Addi- 
tion of the soaps to butyl rubber permitted this polymer to be distinguished quickly, 
by means of a Geiger counter or scintillation detector, from untagged natural 
rubber, SBR, and acrylonitrile-butadiene copolymers. Relative amounts of the 
tagged elastomer of lower unsaturation in a mixture with the other products could 
also be determined using this technique. 

C. Detection of physical transformations of elastomers.—Although a variety of 
well-established techniques are available for investigating physical processes and 
changes in polymers, recent novel and simple experimental methods have been 
reported which make use of radiation characteristics of beta-emitting isotopes. 

High resolution attainable in tritium autoradiography was used to advantage 
by Moyer and Ocho" in development of a radioisotope procedure for study of 
polymer microstructure. Effective range of tritium beta radiation in photographic 
emulsion is approximately one micron and radioactive regions may be readily 
distinguished in a specimen at separations of less than two microns. The method is 
based on the principle that impurities are excluded from the crystalline network 
during crystallization of an impure material. Impurities in the form of tritiated 
additives were incorporated into polymer melts and, after crystallization in thin 
films under controlled conditions, autoradiographs of the specimens were made 
using the stripping film technique of Pelc™. Tritiated additives were dilauryl 
thiodipropionate for polypropylene and reduced polymer of low molecular weight 
for polyethylene. Exposure times for autoradiographs were three to twenty days, 
depending on specific activity of additive and its concentration in the sample. 
Photomicrographs were taken of the autoradiographs, and of the corresponding 
areas in the polymer films, using polarized light. By this technique, inferences 
could be made concerning formation of different types of spherulites observed in 
the respective systems. Extension of the method to crystalline and noncrystalline 
polymers mixed with additives which were partially or entirely immiscible with 
the polymer revealed that shape, size, and distribution of labeled deposits were 
readily discernible, indicating that useful information was obtainable with such 
systems as well. 

Perhaps the most important parameter characteristic of elastomers and other 
amorphous polymers is the glass transition temperature. This is the temperature 
at which large segments of the main chain become mobile and below which only 
vibrational motions of the polymer segments and atomic groups occur. Methods 
of determining this temperature have been based upon measurements of changes in 
specific heat and specific volume, or determinations of dynamic mechanical, di- 
electric, and other physical properties as a function of temperature. Many of these 
methods require substantial experimental time and are not applicable to highly 
crystalline polymers. A potentially rapid, accurate, and reproducible technique 
based on beta-particle transmission measurements was developed by Zannetti 
and co-workers and is applicable to crystalline as well as amorphous polymers; 
phase transition temperatures may be determined using the same technique. A 
thin specimen of polymer is mounted in a chamber controlled at various temper- 
atures and above a source consisting of mercurous chloride containing the pure 
beta emitter chlorine-36. Maximum energy of the beta particle emitted by this 
isotope is well-suited to absorption studies in organic media. Radiation of inten- 
sity Jo incident upon the lower surface of the polymer is attenuated. On an essen- 
tially empirical basis this may be expressed as a first order approximation by 


I = In exp (—kpzr) (12) 


where J is radiation intensity at the upper surface of the specimen; k, mass absorp- 
tion coefficient; p, specimen density; and z, specimen thickness. 

Mass absorption coefficient k is dependent. on the nature of absorbing medium 
and is independent of temperature and physical state of the specimen. Value of J 
is thus dependent on density and thickness of the specimen and density plays the 
dominant role in this relationship. Temperature of the specimen is raised in incre- 
ments of 2° to 5° C and change in radiation intensity above the polymer is followed 
with a Geiger tube. Observed activity is plotted as ordinate against temperature 
as abscissa and transition temperatures are characterized by intersection of straight 
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lines of different slopes. Rapidity with which a determination may be made is 
dependent largely on both source activity and statistical accuracy desired; in the 
most favorable cases accuracy of the transition temperature was +1° C. Good 
agreement was observed between results obtained by the beta-particle absorption 
method and those found by previous techniques. 

Klason, Kubat, and de Ruvo" used a more active source of a stronger beta 
emitter, thallium-204, to attain greater statistical accuracy in comparable counting 
times. Increased precision in the assays permits resolution of secondary and first- 
order transitions in regions of comparatively small changes in thermal expansivity. 
Moreover, this modification, wherein transmission measurements are made on 
specimens which are not clamped in position, exhibits the expected discontinuous 
increase in transmission at the glass transition temperature as the temperature is 
raised. Klason and co-workers"! attributed the decrease in the slope of the curves 
above the transition temperature, observed in some of the plots of Zannetti and 
co-workers™, to distortion effects resulting from clamping the specimen. The 
method was also shown to be suitable for measurement of the coefficient of thermal 
expansion. 

D. Application of the Méssbauer effect —Identification and quantitative evalu- 
ation of chemical forms in which an element may be present in a given matrix, 
under circumstances favorable to several possible combinations, is a requirement 
common to many investigations in chemistry and physics A recent physical dis- 
covery potentially useful in such studies is the Méssbauer effect, which concerns 
the resonant energy of gamma rays emitted and absorbed by a radioisotope when 
the latter is present in a crystal lattice and the effect of recoil of the nucleus on 
this energy. Emitter and absorber are necessarily the same radioisotope and the 
significant observation made by Méssbauer was that presence of both in a crystal 
lattice eliminated the effect of nuclear recoil on resonant energy. The phenomena of 
resonance and absorption of gamma rays combine to produce a spectrum which 
is dependent in large measure on the chemical environment of absorbing nucleus; 
identification of compounds of the element is possible through matching of Méss- 
bauer spectra, since these are extremely sensitive to changes in the chemical.form 
of the element. Implementation of the method requires, in addition to a source 
of the element of interest and common gamma ray detection equipment, a device 
for moving the absorber relative to the emitter. A concise description of the tech- 
nique and its potential application has been given by Goldanskii!™. 

An interesting application of the Méssbauer effect is the work of Christov and 
co-workers, who studied changes in the chemical form of tin when this element 
was used as stannous chloride to accelerate vulcanization of natural rubber by a 
phenol-formaldehyde resin. The gamma-emitting isotope was “Sn. The emitter 
was tin dioxide and absorber was present initially as "*SnCl, in either hydrated or 
anhydrous form. During vulcanization the chloride was largely transformed to 
dioxide; stannous hydroxy chloride was identified as an intermediate. Carbon black 
exerted a profound effect on the reaction. The relationship between unchanged 
stannous chloride and physical properties of vulcanizates led these investigators 
to propose the Méssbauer effect as a new method for controlling resin vulcaniza- 
tion of rubber. 

E. Use of the clathrate form of inclusion complexes.—The existence of clathrates, 
or inclusion complexes in which atoms or molecules of one substance are com- 
pletely caged within the crystal lattice of another compound, has long been known. 
Recently, however, these crystalline mixtures, in which the components are pres- 
ent in constant but not stoichiometric proportions, have become valuable as ana- 
lytical tools with the availability of the radioisotope krypton-85. Although this 
element may be stably incorporated in solids of all types by ion-bombardment or 
by heating at high temperature and pressure, the modification of concern here is 
that involving inclusion of the labeled gas within the crystal framework of a reac- 
tive compound such as hydroquinone. Basis for use of these clathrates in analysis 
is the fact that any chemical reaction involving host compound is accompanied by 
release of radioactive krypton. The isotope emits a beta particle of moderate en- 
ergy, together with a minor gamma component, and may be determined by con- 
ventional radioassay techniques. Quantity of krypton liberated is proportional to 
amount of occluding compound participating in the chemical reaction; knowledge 
of reaction stoichiometry permits determination of the substance of interest. In 
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principle the method represents a technique for estimating trace concentrations 
of substances whieh react in a known manner with the crystalline moiety. Of 
topical significance is the reaction of ozone with hydroquinone, which readily 
participates in clathrate formation with krypton. Chleck and Ziegler first used 
this procedure in measuring atmospheric ozone concentrations. Aging studies of 
elastomers in presence of ozone require ozone determinations in the parts per hun- 
dred million range and sensitivity with which radioisotopes may be detected suggests 
the radioactive clathrate approach. An investigation of this type was made by 
Thelamon-Meynard and Picot'. Ozone could be determined in the concentration 
range of 0.5 to 22 parts per million, but the expected sensitivity and response time 
were not achieved. 
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Fabrication of Semiconductor Devices and Silicon 
Microcircuits by Neutron-Transmutation Doping 


Summarized by Helen P. Raaen 


Supplementary Keywords: reactor; industry; industry, elec- 
tronics; production in situ; enriched stable isotope use; elec- 
trolysis; dosimetry; DID open literature; cadmium-113; 
silicon-31. 


[Editor’s Note: In an early issue of this review, an article on 
neutron-transmutation doping! included the prediction: “Fur- 
ther development of this process could lead to the fabrication 
of complex devices and entire microcircuits at low cost by 
reactor irradiation of semiconductor crystals enclosed in a 
suitable ‘radiation die’ of absorber material.” The prediction 
has been very nearly realized through the continued work of 
Klahr and Cohen.?** The progress of their work, which was 
supported by the Division of Isotopes Development (DID), is 
described in several publications.~7? The fabrication, by 
neutron-transmutation doping, of semiconductor devices and 
silicon microcircuits is summarized below. The summary was 
prepared from two reports by Klahr and Cohen,” ‘> which 
contain explicit descriptions of all phases of the work. Since 
the principles and basic equations of neutron-transmutation 
doping have already been discussed,! they are not given in 
detail here.] 


Neutron-transmutation doping produces electronically 
active impurities in germanium or silicon with a spatial 
pattern defined by a slit pattern in a material that is 
opaque to thermal neutrons—an irradiation die. The 
irradiation die permits neutrons to enter the selected 
regions; the neutrons then transmute, for example, 
silicon nuclei to the dopant phosphorus. 

The basic technology of transmutation doping has 
now been mastered. From the fabrication of single 
electronic components, the work has _ progressed 
through the partial fabrication of simple microcircuits 
toward the fabrication of complex microcircuits in 
silicon. In addition to natural cadmium, the enriched 
stable isotope ''*Cd is used as an irradiation die for 
the microcircuits. The practical and reproducible tech- 
niques and procedures combine the methods of semi- 
conductor fabrication with those of nuclear reactor 


irradiation technology. They are sufficiently different 
from other processes and sufficiently extensive in 
scope to constitute a new technology. The most 
important technological results of this work appear in 
the controllability and predictability of the doping. 

For microcircuitry fabrication, transmutation 
doping has three areas of potential advantage: 

1. Performance, i.e., achievement of device charac- 
teristics not obtainable by other processes (diffusion or 
epitaxy). 

2.Cost (either few-of-a-kind or many-of-a-kind 
production). 

3. Controllability of fabrication. 


SEMICONDUCTOR DEVICES 


The work on semiconductor devices resulted in 

1. Demonstration of reproducibility and predict- 
ability in the doping of germanium and silicon. 

2. Improvements in spatial resolution and control 
in the doping. 

3. Fabrication of individual prototype electronic 
devices and simple electronic circuits. 


The variables studied included 


Thermal-neutron fluence (nvt) 1018 to 3 x 107° n/cm? 

Cadmium ratio 7 to 30 

Irradiation die material Cadmium, 2 to 20 mils thick 

Irradiation die backing Aluminum, nickel, steel, 
copper 

2 to 50 mils 

Single- and double-sided 

Aluminum and stainless steel 

5 days to 3 weeks 

Silicon and germanium 


Slit width 

Slit type 

Irradiation capsule material 

Duration of irradiation 

Semiconductor material 

Initial semiconductor resis- 
tivity 0.01 to 100 2cm 

Capsule design Cylinder and flat-plate 
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The specific results were 

1. Fabrication of surface field-effect transistors 
(SFET’s) of acceptable quality. 

2. Fabrication in both silicon and germanium of 
resistors, diodes, and capacitors having a variety of 
characteristics. 

3. Use of a surface oxide layer and its associated 
inversion region in transmutation-doped devices. 

4. Practical use of thin irradiation dies—2 mils of 
cadmium or less. (The thin dies permit spatial control 
to within 1 to 2 mils along the specimen surface; the 
use of oxide surface layers permits control to within 
1000 A normal to the surface.) 

5. Partial fabrication of simple microcircuits. 


Techniques were developed for the following oper- 
ations necessary to the transmutation-doping process: 

1. Fabricating irradiation-die materials which con- 
sisted of a thin layer of cadmium bonded to a thicker 
layer of metal that is transparent to thermal neutrons 
(e.g., copper or steel). 

2. Photoetching the irradiation die. 

3. Encapsulating the irradiation die and semi- 
conductor specimens. 

4. Specifying the neutron flux and the semi- 
conductor resistivities to ensure the proper doping of 
the spatial regions, i.e., to ensure that P—N junctions 
are formed. 

5. Adapting various standard semiconductor tech- 
niques to the transmuted specimens to fabricate 
electronic devices. 


Methods and Device Characteristics 


Transmutation-produced devices will differ radi- 
cally in geometry and configuration from devices of 
similar function produced by diffusion or epitaxy, 
both of which tend to produce planar structures that 
consist of layers of constant doping parallel to the 
large-area surface of the devices. The junctions are 
therefore parallel to the large-area surface. On the 
contrary, transmutation doping tends to produce 
regions of constant doping perpendicular to the sur- 
face (a clear-through doping configuration). Thus 
transmutation-produced P—N junctions tend to be 
perpendicular to the surface. This overstates the 
difference since neutron transmutation can also easily 
produce structures parallel to the surface, and the 
transmuted regions need not extend clear through the 
semiconductor specimen. In a neutron-transmutation- 
doped device, a straightforward copy of a conventional 
device will be neither feasible nor useful in most cases. 
Rather, the neutron-transmutation device will use a 


configuration that exploits its own characteristics and 
advantages. Both the device and the microcircuit 
produced by neutron-transmutation doping will be 
designed to reproduce or to improve upon the function 
or the purpose of the comparable conventional device— 
not its geometry or doping profile. 

Rectifying Diodes. Most of the diodes were made 
by use of the doping configuration that yields adjacent 
P and N regions extending clear through the specimen; 
the P—N junction is therefore normal to the surface. 
Such diodes have been formed in silicon with induced- 
dopant concentrations on either side ranging from 
3x 10'* to 3x 10'°© atoms/cm. The ratio of resis- 
tivities on the two sides has ranged from 50 : 1 in some 
diodes to 1: 1 in others. Reverse breakdown voltages 
have ranged from 25 to S50 V, relatively high values 
characteristic of the rather shallow concentration 
gradients produced in the junctions. Eventual break- 
down voltages are probably considerably higher than 
these values because breakdown appears to be due to 
surface shorts. The diodes fabricated to date have 
relatively large areas (~2000 mils”). The absence of a 
short over the relatively large area attests to the 
uniformity of the doping. The reverse leakage for such 
a diode is in the range 0.1 to 1 wA, which is very small 
for a diode of such large area. 

Transistors. With the use of natural-cadmium irra- 
diation dies, it is not feasible to obtain spatial 
resolution better than 1 mil in doping of adjacent 
regions. This restriction seems to imply that conven- 
tional bipolar transistors would be marginal at best 
since a base region 1-mil thick would give a low 
amplification factor. Therefore, in the area of active 
components, the most promising device appears to be 
the surface field-effect transistor (SFET), also called 
the metal oxide semiconductor (MOS) or insulated-gate 
field-effect transistor (IGFET). 

Ihantola and Moll® and others have suggested that 
SFET’s, because of their favorable electronic character- 
istics, would constitute useful amplifier devices for 
very general applications in microcircuitry. This type 
of transistor can be readily made by transmutation 
doping. It consists of two N-type regions with a P-type 
region between them. When an insulating layer is 
placed on the surface with a metallic contact on the 
layer, a reverse bias voltage on this contact produces an 
N-type channel in the P-type region that connects the 
two Nregions. The basis of this effect is simple 
capacitance across the oxide layer, with a positive 
charge on the adjacent P-type layer; thus an N-type 
bridge is made across the surface between the two 
N-type regions. Therefore the SFET works by modulat- 
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ing the surface conductivity and thus controlling the 
current flow from the first N-type region (source) to 
the second N-type region (drain). 


The SFET is fabricated in neutron-transmutation 
geometry as follows. The operating transistor structure 
is made by irradiating a uniformly doped P-type silicon 
specimen through an irradiation die to obtain an 
N—P-_N structure normal to the surface. The specimen 
is then annealed and stained to reveal the exact 
location of the P and N regions. (The staining is not 
necessary if precision-aligned masks are subsequently 
used.) An oxide film of predetermined thickness is 
grown on the surface of the silicon by heating it in a 
wet-oxygen atmosphere for a specified time. The oxide 
film is then removed above the N-type regions by 
etching. Electrical measurements between the two 
N-type regions show that an N-type “inversion layer’”’ is 
formed on the surface of the P-type region under the 
oxide. This thin (<1 uw) inversion layer forms the 
conducting channel between the source and the drain. 
Aluminum is then evaporated over the oxide on the 
channel to form the gate electrode, and the oxide is 
chemically removed from the rest of the specimen. The 
N-type regions are electrically isolated before the 
inversion-layer channel is formed by the oxide deposi- 
tion. An appropriate bias voltage on the gate electrode 
nullifies the inversion layer, thus removing the con- 
ducting channel. This nullification occurs at ~12 V. At 
gate voltages between 0 and 12 V, the effective thick- 
ness of the channel is varied; the source-to-drain 
current is thus varied for a given source—drain voltage. 


Several SFET’s were made by _ neutron- 
transmutation doping and were tested. Figure 1 gives a 
schematic diagram of the transistor structure and of 
the circuit for obtaining its d-c characteristics and also 
the electronic characteristic curves, which are similar to 
those of a pentode, a typical field-effect transistor. 
Adequate performance of the SFET’s was demon- 
strated. 


The type of SFET described here is termed a 
“depletion type” because the channel width is de- 
creased with increasing gate voltage. It is expected that 
“enhancement-type” SFET’s in which the channel 
width increases with increasing gate voltage can also be 
fabricated with equal ease. 


Voltage-Variable Capacitors. The diodes made by 
neutron-transmutation doping can function as voltage- 
variable capacitors, because their capacity decreases 
with reverse voltage. Such a neutron-transmutation- 
doped diode, used as a voltage-variable capacitor, 
typically has the properties: 


Capacitance at zero reverse voltage,Cy ~60 pF 

Reverse breakdown voltage <=50V 

Capacitance swing =~ 400% (maximum 
to minimum) 


The relatively large value of Co is due to the large area 
of the junction in the clear-through configuration 
(~10° mils?) despite the relatively wide space-charge 
region of the junction, which can be attributed to the 
shallow concentration gradient. In silicon, for example, 
capacitances of the order of 10* pF per square 
centimeter are obtained, corresponding to space- 
charge-region widths of 1, for concentration gra- 
dients in the range 10’? atoms/cm*. This relatively 
shallow gradient is useful for producing a large reverse 
breakdown voltage. The homogeneity of the doping 
permits one to produce such relatively large-area 
junctions with a small fraction of short circuits in the 
junction. 
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Fig. 1 Schematic diagram and characteristic curves of an 
SFET made by neutron-transmu tation doping. 
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Resistors. A resistor compatible with neutron- 
transmutation doping can be produced in three ways to 
provide: 

1. The inversion region under an oxide layer in a 
P-type region between two N-type regions, or vice 
versa. 

2.A clear-through (or partial-depth) doped region 
isolated by an adjacent doped region of type opposite 
from that of the other devices on the monolith. 

3.A thin-film-type resistor evaporated onto an 
oxide layer over the semiconductor. ] 








Resistors of the first two kinds have been made and 
tested. The inversion-region resistor (type 1) can be 
used for high resistance values of the order of 10° to Oy CEs. CUNT. 
10°Q or more. Furthermore, the resistance can be 
adjusted by use of a trimming bias on an evaporated- 
metal electrode over the oxide layer. The second type 
of resistor can be used to produce resistance values in 
the tens or hundreds of ohms. 

Microcircuits. The feasibility of producing micro- 
circuits by neutron-transmutation doping was demon- 
strated by fabricating two relatively simple micro- 
circuits in  silicon—a _ full-wave rectifier bridge 
equivalent to a four-diode bridge (Fig.2) and a 
computer-logic matrix for readout of a set of flip-flop 
register states (Fig.3). The PandN regions were 
distinguished by etching and staining. The configura- 
tions are clearly nonconventional. In Fig. 3b, diodes 
are to the left. Interconnections were made by use of a 
wire border; they can also be made by thin-film wr 
evaporation. Line widths in the final doped specimens 
ranged from 15 to 30 mils. The irradiation dies were 2- 
to 10-mil thicknesses of cadmium, which gave an 
ultimate doped-line width of ~1 mil. The resistors are 
type 2, with values ~10° Q. Capacitances of the diodes 
are ~50 pF. The switching time constant is therefore 
~0.1 sec. 

In the fabrication of microcircuits, the entire 
doping configuration is inserted in a single irradiation, 
followed by oxide deposition, oxide etching, evapora- 
tion of metal contacts, and attachment of wire leads 
using a wire bonder. It should be possible to fabricate 
almost any microcircuit from the individual compo- 
nents discussed above. The work to fabricate complex 
microcircuits is described in the latter part of this 
summary. 












































(6) SCHEMATIC DIAGRAM OF DOPING CONFIGURATION. 


SOLDERING CONTACT 
Appraisal of Transmutation Doping for 


Microcircuit Fabrication (c) UNDER-THE-MICROSCOPE VIEW. 


Performance. The performance advantages for Fig. 2 Full-wave rectifier bridge fabricated by neutron- 
transmutation-doped devices stem from the various transmutation doping. 
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(6) SCHEMATIC DIAGRAM OF DOPING CONFIGURATION. 


(c) UNDER-THE-MICROSCOPE VIEW. 


Fig. 3 Computer logic matrix fabricated by neutron-transmutation doping. 
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unique geometric configurations that can be produced, 
e.g., 

1.The doped regions can be of very uniform 
concentration. 

2.Clear-through doping can be achieved. This 
type of doping can permit interconnections to be made 
on the bottom of the slice. It can also be used to 
increase the number of devices on each slice. 

3.The P—N junctions can be formed either 
perpendicular to the semiconductor surface by clear- 
through doping or parallel to the surface at a desired 
depth. 

4. Junctions with desired concentration gradients 
can be formed in either high- or low-resistivity mate- 
rial. 

5. Junctions with large reverse breakdown volt- 
ages and large capacitance changes can be formed by 
appropriate choice of concentration gradients. 

6. Intricate three-dimensional doping patterns can 
be produced with appropriate radiation-die designs. 

7. Isolation regions can be readily formed. 

8. The magnitude of the doping concentration can 
be precisely predicted and controlled. 

9.Combinations of transmutation doping and 
diffusion can lead to configurations that combine the 
advantages of both processes. 

10. Transmutation doping has:a number of process- 
ing advantages. It is a one-step process. It can be 
performed at relatively low temperature, thus eliminat- 
ing impurity sources. The semiconductor can be 
protected by an oxide layer throughout the irradiation 
process. 

11.Some evidence exists that preirradiated and 
annealed semiconductor devices, such as those pro- 
duced by neutron transmutation, have greater resis- 
tance to deterioration caused by subsequent irra- 
diation. 


Cost. The irradiation cost constitutes a small part 
of the overall cost of the final electronic device 
produced by neutron-transmutation doping. The cost 
can range from 3 to 30 cents per device, depending on 
the reactor, the irradiation charge schedule, and the 
scale of irradiation. Irradiation costs are small com- 
pared with subsequent labor costs for processing the 
microcircuit devices. Present point-of-sale prices range 
from ~$100 to $500 for a 30-component microcircuit 
in large-scale production. There are prospects that 
transmutation doping can materially lower costs of 
comparable devices. 

For many-of-a-kind production, the following facts 
point to low-cost processing: (1) Irradiation costs 


(including capsule opening) are low. (2) Neutron- 
transmutation doping is significantly simpler than 
diffusion or epitaxy; processing of devices, which 
constitutes most of their cost, may therefore be less. 
(3) Predictability and controllability of the transmuta- 
tion should result in a lower fraction of rejects than 
other processes can yield. 

In few-of-a-kind production, the controllability and 
predictability of transmutation doping should lead to 
significant cost advantages. If the neutron flux is 
known, there are no elaborate setup costs, the only one 
being that of fabricating the irradiation die. The 
predictability of the irradiation procedure avoids an 
expensive cut-and-try period. 

Controllability. Important advantages of transmu- 
tation doping are the predictability and controllability 
of the process in silicon and germanium. Only the 
following preliminary data are needed: (1) initial resis- 
tivity of the specimen, (2) irradiation-die slit geometry, 
and (3) neutron-fluence exposure. For about two- 
thirds of the specimens, one can then predict directly 
by calculation alone: (1) spatial location of P—N 
junctions and of each of the resulting regions and 
(2) concentrations and final resistivities after irra- 
diation and annealing. 

Important characteristics of the transmutation dop- 
ing process are 

1. Spatial resolution obtainable between doped and 
undoped regions. 

2. Degree of spatial control attainable in the doping 
(i.e., concentration gradients and doping con- 
figurations). 

3. Precision with which a dopant can be inserted in 
a desired concentration. 


The spatial resolution will depend primarily on the 
thickness of the die since the minimum width of a slit 
that can be etched into the die will be of the same 
order as the die thickness. The die thickness is a 
function of the shielding provided by the die material. 
Thus the spatial resolution of adjacent regions doped 
by neutron transmutation will depend on the 
irradiation-die technology as follows: 


Cd (natural) 1 to 2 mils 
10B 6 to 12u 
113¢q 3 to6u 


It is apparent that, with the '°B or ''3Cd irradiation- 
die technology, the spatial resolution attainable is 
comparable with that achieved in other processes. 
Cadmium-113 is expensive (~$1/mg), and a technology 
for fabricating '°B dies has been studied but is not yet 
developed. 
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Concentration gradients have been controllably 
produced in the range 10'*® to 10?! atoms/cm* in 
silicon and in a range wider by a factor of 100 in 
germanium. Furthermore, the gradient can be designed 
by adjusting the slit pattern of the irradiation die and 
the doping level. 

The precision with which a dopant can be inserted 
in a desired concentration is at least 5% per irradiation. 
This means that, if two irradiations are performed on 
the same specimen, a precision of 0.5% is attainable. In 
general, very high precision is obtainable for multiple 
irradiations. Even the 5% figure per irradiation is 
remarkably good. 


Predictability of Doping Configuration 


The predictability of doping configuration was 
evaluated experimentally—qualitatively, to determine 
whether or not the expected configurations can actu- 
ally be produced; quantitatively, to determine whether 
or not predicted resistivities were achieved. The experi- 
mental results were obtained from three radiation 
capsules exposed in either location A-7 of the core of 
the Oak Ridge Reactor (ORR) or the Pool Hanger 
Facility outside the core. The core facility gives an 
integrated thermal-neutron fluence of ~3 x 10?° 
n/cm? during a 3-week irradiation. Once the reactor 
goes critical, access to the core is cut off; hence the 
duration of irradiation cannot be controlled precisely. 
On the other hand, the pool capsules receive an 
integrated thermal-neutron fluence of the order of 
1.5 x 10!9 n/cm? in ~1 week. However, the duration 
of irradiation and hence the fluence can be specified to 
within 5%. In each capsule several doping configura- 
tions were produced in specimens of silicon, germa- 
nium, or both. The maximum information obtainable 
from each specimen includes 

1. Resistivity in each uniformly doped region. 

2.Concentration of majority carriers in each uni- 
formly doped region. 

3.The P—N junction characteristics across each 
junction in both forward and reverse bias. 

4. Dimensions and geometric configuration of each 
uniformly doped region. 


The individual regions of concern are often very 
small—a minimum dimension of 10 mils (0.25 mm) 
down to one-tenth this value. Some selected results 
follow. 

Table 1 gives data on the spatial variation of 


transmutation concentration in multiplejunction 
(striped) regions. Note the consistency of the induced 
concentration in similar regions. 


Table 1 Spatial Variation of Transmutation 
Concentration in Multiple-Junction (Striped) 
Regions in Silicon 





Transmutation- 
induced concentra- 
tion, 10'5 atoms/cm? 


y Width, mils 
Region 
type Nominal Actual 








N R 10.2 
P 7.45 
10.2 
7.48 
11.0 
7.49 
10.1 
7.28 





Figure 4 is a diagram of the concentration changes 
in the large-area regions of germanium specimens 
within nine irradiation dies. When the solid line crosses 
the zero axis and the dotted line does not, a P—N 
junction is obtained. 

The overall conclusion is that the predictability of 
doping configurations is very good. Some less-general 
conclusions can be drawn about the predictability of 
transmutation doping in silicon and in germanium: 

1. Measurements and analysis of both the transmu- 
tation concentration and its spatial variation agree well 
with predicted values based on neutron-flux measure- 
ments or on neutron-flux estimates when detailed flux 
measurements are not available. 

2. Transmutation-induced concentrations agree 
well with the flux values when the values are known. 
However, in a new experiment, the local variation of 
the flux within a capsule cannot be predicted in detail. 
Mappings of the thermal-flux variation within a radia- 
tion capsule have shown very large flux variations (as 
much as a factor of 4 across the capsule), depending on 
the arrangement and configurations of the cadmium 
irradiation dies. These large flux variations occur across 
a length of 6 in. or less in the pool facility of the ORR. 
Such large variations have not been found in the core 
irradiations. 

3.In view of the strong dependence of the local 
thermal-flux variation within the capsule on configura- 
tion and layout of the irradiation die within the 
capsule, a “two-capsule philosophy” must be adopted. 
Before the actual production capsule is irradiated, a 
preliminary test capsule, identical with the production 
capsule, must be irradiated. The purpose of this 
preliminary capsule is to measure with monitor foils 
the detailed flux variation within the test capsule. 
Then, material that has suitable initial resistivity can be 
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chosen to ensure complete success with the production 
capsule. 

4.When the flux is suitably monitored, the 
ransmutation-induced concentration can be specified 
to arbitrary accuracy. When two flux monitors are 
attached to the capsule and read during the irradiation 
period, the neutron fluence can easily be specified to 
within 5%. When a number of flux monitors are 
attached to the capsule and removed according to an 
appropriate time schedule, it is apparent that the 
fluence can be specified to arbitrary accuracy. 


DIE THICKNESS, CAPSULE 
mils POSITION 
8 6 


5.The ratio of transmutations under the die to 
transmutations under the slit depends, in practice, on 
(a) cadmium ratio at the irradiation location, (b) irradi- 
ation die thickness, (c) local variations in thermal flux 
through the capsule, and (d) geometry of the slit 
pattern. 

When these factors are taken into proper account, 
the ratio of transmutations in the unshielded region to 
those in the shielded region can be predicted suffi- 
ciently well to ensure the conversion of regions under 
the slit with high reliability. 


DOPANT CONCENTRATION, 
atoms/cm? x 197 6 
2 = 2. 4 6 8.8 
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Fig. 4 Diagram of concentration changes in neutron-irradiation-doped germanium specimens. 
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Development of Transmutation Technology 


Transmutation technology includes 

1. Design and fabrication of the irradiation capsule. 

2. Irradiation of the capsule and monitoring of the 
neutron-fluence exposure. 

3. Design and fabrication of irradiation dies. 

4. Photoetching of the irradiation die pattern. 

5. Packaging of the irradiation die within the 
irradiation capsule. 

6. Postirradiation processing of the semiconductor 
specimens and postirradiation measurements. 

7. Preirradiation measurements and selection of 
semiconductor specimens and irradiation conditions. 

8. Semiconductor-device processing, including sur- 
face metallization, oxide deposition, and attachment of 
contacts. 


Brief discussions of these areas of work follow. 


The irradiation capsule must provide radiation and 
thermal protection, be designed for easy opening in a 
hot cell and expendability, and be watertight and 
compatible with the reactor water. The most conve- 
nient solution to these requirements is a flat-plate 
design (Fig. 5). The capsule consists simply of two 
aluminum or stainless-steel plates, each 4 %.3%. 7 mM. 
A rectangular recess is milled to a depth of ~100 mils 
in the inner surfaces of the plates. The irradiation-die 
packets are placed in this recess, a compressible lead 
gasket is laid on the recess rim, and the two plates are 
then bolted together. The pressure flattens the gasket, 
which provides a watertight seal. 

The capsule must be irradiated in a reactor location 
which has adequate thermal flux that is fairly uniform 
before the capsule is inserted, low cadmium ratio, ease 
of access at all times, and provision for monitoring any 
flux asymmetry. The pool location P4 in the ORR 
meets these requirements, with a thermal flux of 
~2x 10'? n/(cm?)sec) and a cadmium ratio in the 
range 20 to 40. Access to the capsule can be had at all 
times by simply lifting the hanger to which the capsule 
is attached. A 3:2 front-to-back asymmetry in the 
flux is present. 

Photoetching is the most practical and satisfactory 
method for making irradiation dies. Photoetching 
requires thin sheets of cadmium (2 to 10 mils thick, 
depending on the purpose) bonded to a strong sub- 
strate material that is substantially transparent to 
thermal neutrons. Both steel and copper have been 
used successfully in thicknesses of 20 to 50 mils; the 
cadmium is bonded to the substrate metal by cold 
rolling. The only photoetching problem is etching the 
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Fig. 5 Schematic views of typical flat-plate irradiation capsule 
and packet assembly. 


photoresist pattern to engrave the cadmium. Tech- 
niques were developed that give high etch factors. 

The irradiation-die package is a three- or five- 
layered sandwich in which the semiconductor speci- 
mens dre immobilized to within 1 mil. A number of the 
packages are fitted within the irradiation capsule. The 
package holds the specimens tightly against the irradia- 
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tion dies and provides a convenient means of loading 
the capsule and of unloading the specimens in a hot 
cell. A typical and convenient semiconductor-specimen 
size is~100 x 200 x 10 mils. 

Postirradiation processing of the semiconductor 
specimens includes annealing to remove radiation- 
produced. defects, etching and staining to reveal doped- 
region configurations, testing for semiconductor type 
(PorN), and measuring of resistivity and con- 
centration. 

A key element in the design of transmutation- 
doped devices is the selection of the specimen resis- 
tivity together with the irradiation conditions. The 
irradiation conditions can be summarized in two 
variables: the total thermal-neutron fluence, which can 
be specified to within 3%, and the B/A ratio (transmu- 
tations under the die to transmutations under the slits), 
which can be specified to within 10 to 20% on the 
basis of previous experience. 

The techniques required in the manufacture of 
SFET’s and integrated circuits were applied to some 
transmutation-doped specimens. They include the pro- 
duction of uniform insulating oxide layers of predict- 
able thickness, the evaporation of contacting metallic 
films onto specific regions, and the attachment of 
conduction leads to small selected areas. Ways were 
developed to form and use high-precision masks in the 
final processing of the neutron-transmutation-doped 
semiconductors. 


COMPLEX MICROCIRCUITS 


The extension of neutron-transmutation doping to 
the fabrication of complex microcircuits in silicon 
required new methods for 

1. Predicting the spatial pattern of the neutron flux 
when irradiation dies are used. 


2. Applying silicon dioxide 
transmutation-doped configurations. 

3. Fabricating irradiation dies by use of ''*Cd 
integrally plated onto silicon wafers and of irradiation 
capsules for silicon wafers. 

4. Designing microcircuits compatible with 
transmutation-doped configurations. 

5. Etching irradiation dies, oxides, and metalliza- 
tion layers to high resolution. 

6.Making good _ electrical 
transmutation-doped silicon. 


technology to 


contacts to 


Two applications of microcircuit fabrication were 
studied for which transmutation appears to have 
unique capabilities: 
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1. Failure-free microcircuit doping over large areas 
(an entire wafer), taking advantage of the uniformity 
of the neutron flux. 


2. Bi-type high-resistivity silicon substrates that can 
be processed subsequently by diffusion into comple- 
mentary MOS circuits. 


Fabrication of bi-type high-resistivity silicon sub- 
strate material was demonstrated. Furthermore, al- 
though large-area microcircuits have not yet been 
produced in this work, the principal difficulties seem 
well understood. The primary obstacle was that no 
single specific irradiation location has been available in 
the one reactor (ORR) where known and reliable 
neutron-flux parameters could be applied in the cap- 
sule designs. A successful irradiation requires a 
neutron fluence that is controlled within a precision of 
10 to 20%. Thus, because the necessary information 
for their various irradiation locations was lacking, one 
capsule was overirradiated and two were under- 
irradiated. Nevertheless, the entire processing method 
and procedures for microcircuit production were devel- 
oped, and it was shown that all the required operations 
can be performed. 


The advantages of transmutation doping were 
enumerated above. Compared with diffusion and epi- 
taxial deposition, the technique also has certain dis- 
advantages: 


1. The maximum dopant concentration attainable 
in silicon is relatively low, usually in the 10'* 
atoms/cm? range. It does not seem economically 
reasonable to exceed 5 x 10!° atoms/cm*. 


2. The spatial resolution of doped regions obtain- 
able by transmutation doping is considerably inferior 
to that obtainable by diffusion or epitaxy. Transmuta- 
tion doping requires an irradiation die at least 5 mils 
thick for natural cadmium, or at least 0.6 mil thick for 
113Cq_ Since these dies must be etched and the etch 
resolution corresponds to the cadmium thickness, a 
minimal spatial resolution of 5 mils for natural cad- 
mium or 0.6 mil for ''*Cd is obtained. Although the 
0.6-mil resolution is not too much coarser than that 
obtainable for surface resolution by diffusion, the 
natural-cadmium resolution is much coarser. 


3. Whereas the diffusion process permits diffused- 
region widths parallel to the surface to be controlled to 
within 1 yw, this control is not possible by transmuta- 
tion. To obtain a thin doped region parallel to the 
surface by transmutation techniques, it is necessary to 
use the inversion region under an oxide layer grown on 
the silicon surface. 
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In view of these disadvantages, silicon microcircuits 
that use bipolar transistors do not seem to be practical 
because of the difficulty in controlling base-region 
thickness to within a few microns. However, those 
which use MOS transistors of the SFET type would 
seem to be practical because these transistors use the 
thin inversion region under an oxide. In an MOS 
microcircuit the role of transmutation doping is to 
produce electrically isolated regions that can serve as 
the source and drain of an SFET whose inversion 
region extends between them under the oxide surface. 
The unique possibility for transmutation in this appli- 
cation is to produce small doped regions free of defects 
over a large-area silicon wafer. To do this, it is 
necessary to obtain maximum resolution for adjacent 
doped regions. This requires the use of '!*Cd as the 
irradiation-die material. 

Another economically useful application exists for 
transmutation techniques in silicon microcircuitry 
which would not require ''*Cd. This is the prepara- 
tion of bi-type doped regions of high resistivity in a 
silicon wafer for subsequent processing into comple- 
mentary MOS microcircuits by diffusion doping. Com- 
plementary MOS circuits have the advantage of lower 
power requirements and lower power dissipation by a 
factor of ~10° over conventional microcircuits. The 
term “complementary” implies that both P- and 
N-channel SFET’s are needed in the same circuit, 
which in turn requires that P- and N-type substrates be 
adjacent to each other on the same silicon crystal. 
Furthermore, these substrates should be of high resis- 
tivity (10'* to 10'S atoms/cm* concentration) for 
best performance. It is not possible to fabricate such 
substrates by diffusion, since these low concentrations 
cannot be obtained. However, these specifications can 
be readily met by transmutation. The sizes of the 
individual P- and N-type regions that are to be 
substrates for further diffusion processing are of the 
order of 10 to 30 mils, thus permitting the use of the 
relatively inexpensive natural-cadmium irradiation dies. 

The irradiation capsules used in the work on 
complex microcircuits were simple aluminum plates 
with niches to hold circular silicon wafers. These plates 
were placed between aluminum covers, and reactor 
water was circulated through them. Cadmium-113 was 
electroplated onto the silicon wafers over an oxide 
layer, and the irradiation-die pattern was photoetched 
into the cadmium. Thus the irradiation die is an 
integral part of the silicon wafer. After irradiation the 
irradiation-die pattern is acid-etched off the silicon in a 
hot cell. The radioactivity is then low enough to permit 
the silicon wafer to be shipped through the mail. 


Spatial Doping Patterns in Silicon 


As was the case with germanium, irradiations that 
successfully produce neutron-transmutation doping 
require precise knowledge of the neutron flux within 
the irradiation die and of the proper duration of 
irradiation. This information is gained by use of cobalt 
flux-monitors to determine the neutron flux outside 
the irradiation capsule and by irradiating a mockup 
capsule to measure flux values within the capsule. 
Because the ORR schedule did not permit two-capsule 
experiments, the control of irradiations in this work 
was less exact than desired. Therefore actual dopant 
concentrations were likewise significantly different 
from those desired. In most cases the doped pattern 
can be predicted quantitatively from the initial 
irradiation-die configuration, the neutron fluence, and 
the initial dopant concentration. It is possible to 
calculate the flux at a point within the semiconductor 
under a given die pattern. This flux is proportional to 
the total solid angle of view that is unobstructed by 
cadmium. Calculations based on such a simple “optical 
model” can account for the distinctness or for the 
coalescence of separate doped regions. 


The predictability of the doped pattern is very 
significant; it is potentially one of the most important 
advantages of the transmutation-doping process. The 
mathematical predictability of the doping pattern in 
the silicon by use of an optical model of the irradiation 
die makes it apparent that a digital computer code 
could be used to design and analyze irradiation-die 
patterns. The mathematical prediction of a detailed 
doping pattern must take into account three sets of 
factors: 


1. The total solid angle seen at any point within the 
silicon, assuming that the cadmium is opaque. If the 
neutron flux were constant all around the specimen 
and if the flux had an isotropic angular distribution 
(over 27 steradians), one could calculate the pattern 
directly from this simple optical model. 


2. The variation of the flux over the surface of the 
irradiation die, due to absorption by the cadmium, and 
the variation of the neutron angular distribution. This 
effect may be called the flux depression by the 
irradiation die. 


3. Gross variations in the flux across the capsule 
due to the reactor. 


It was not deemed desirable to write a computer 
code in the present work. Nevertheless, analytical 
calculations based on this model were performed for a 
number of simple geometries. The calculations produce 
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sets of isoflux (isoconcentration) surfaces that are very 
useful and illustrative. These surfaces have guided the 
design of irradiation dies to produce desired doping 
configurations by transmutation. 

The analytical calculations of transmutation-doped 
configurations based on the simple optical model will 
indicate the degree of doping-geometry control achiev- 
able by transmutation techniques in silicon. In prac- 
tice, doping geometry is controlled by (1) fabricating 
irradiation dies with the desired slit pattern, and 
(2) selecting the proper combination of initial P-type 
concentration and neutron-fluence exposure for the 
silicon. The calculations therefore permit prediction of 
the final junction location and the resulting 
concentration gradient for a given initial P-type 
concentration and fluence exposure for various 
irradiation-die patterns. Since concentration gradients 
as well as isoflux lines are obtained, the error limits of 
a particular irradiation-die design can also be estimated. 
Calculations were made for five slit configurations: 


1.A single long slit in an otherwise opaque 
irradiation die. 

2.A single long absorbing stripe on an otherwise 
open surface. 

3. Two adjacent long slits and other long multiple- 
slit configurations. 

4. Circular hole in an otherwise opaque irradiation 
die. 

5.Circular absorbing disk in an otherwise open 
surface. 


The single-long-slit flux pattern can be used to approxi- 
mate a finite single slit, except near its ends. The 
single-long-absorbing-stripe flux pattern can be used to 
approximate a finite absorbing stripe, except near its 
ends. The two-adjacent-slits flux pattern can be con- 
structed from the superposition of patterns from two 
single slits. Since neutron flux is a scalar quantity, 
superposition calculations can be used to determine 
any complex irradiation-die configuration that consists 
of individual elements whose flux patterns are known. 
The calculation consists in summing the contributions 
to the flux at each point from each of the individual 
source elements that make up the irradiation-die 
pattern. Thus the flux pattern for multiple-slit con- 
figurations, for example, can be calculated as the 
superposition of single-slit contributions. 

The circular-hole pattern can be used in a gross 
sense to represent the flux pattern for a square hole or 
for any small finite slit. The pattern of an irradiation 
die that contains a number of holes, or of holes and 
slits, can be calculated by superposition. The circular- 
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disk flux pattern can also be used in a gross sense to 
represent any small finite absorbing area. 

In this discussion, for simplicity, the effects of 
nonthermal neutrons (epithermal-energy neutrons) are 
ignored; they account for ~20% of the transmutations 
in the unshielded silicon. Thus the discussion will be 
concerned with the 80% of the transmutations in 
silicon which are produced by thermal neutrons. 

First, consider completely exposed specimens of 
silicon. For an irradiation thermal-neutron fluence of 
2.25 x 10'° n/cm? (as measured by a cobalt monitor 
adjacent to the specimen), one produces 40 x 10! 
N-type impurity atoms per cubic centimeter in the 
silicon. If one subjects specimens of various initial 
P-type concentrations to this irradiation, those whose 
initial concentration is >40 x 10'* atoms/cm’ will 
remain P type, whereas those whose initial concentra- 
tions are <40 x 10'* atoms/cm? will become N type. 

Let the silicon specimens be placed against a sheet 
of irradiation-die material (cadmium). For simplicity, 
the irradiation die will be considered to be completely 
opaque to thermal neutrons and very thin. For the 
same irradiation the specimens will now obtain an 
N-type dopant concentration of only 20x 10!* 
atoms/cm? since half the unperturbed incident flux has 
been obstructed by the irradiation die. Thus only those 
specimens whose initial concentration was <20 x 10'4 
atoms/cm? P type will be converted to N type, whereas 
all the others will remain P type. 

Long Slit in an Irradiation Die. Now consider an 
irradiation die in which the silicon is completely 
enclosed by the neutron absorber except for a single 
long slit on one side (Fig. 6). (The one-sidedness of the 
slit pattern leads to the term “one-sided irradiation 
die” since the other side is completely opaque to 
thermal neutrons.) 

The neutron flux entering through a long slit 
(hence the induced dopant concentration) forms a 
two-dimensional pattern in the plane perpendicular to 
the slit. The magnitude of the flux at any point under 
the plane of the upper die is proportional to the angle 
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Fig. 6 Cross section of a one-sided irradiation die. 
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formed by the lines that connect the edges of the slit 
to the point in question. Figure 7 shows a point O 
beneath the center of the slit, which intercepts all 
neutrons with directions within the angular arc AOB. If 
a circle is constructed that passes through points A, B, 
and O, the angle @ is measured by one-half the 
intercepted arc AB. This same angle is also formed by 
connecting points A and B to any point on the circle. 
Thus the circle drawn in two dimensions represents a 
three-dimensional cylindrical surface that is an isoflux 
surface. Every point on that surface sees the same 
neutron flux and thus receives the same concentration 
of induced impurities per cubic centimeter along that 
surface. 

When a specimen of silicon is irradiated through an 
irradiation die, the P—N junction is formed along that 
surface where the induced impurity level exactly 
matches the initial concentration. On one side of the 
junction, the induced impurity level exceeds the initial 
concentration, and the material is converted to N type, 
whereas the induced impurity level on the other side is 
insufficient to convert the P-type material. 


\/ 


0 


Fig. 7 Isoflux lines along a circular locus. 


The radius r of the isoflux circle and the distance h 
of the circle from the plane of the irradiation die are 
given as functions of the incident-flux angle @ and the 
half-slit width w (Fig. 8) by the relations 


h=w cot 6 


r=wosc@ 


since @/2 = tan 0 = w/h. The angle ¢ is indicated in the 
diagram. 





Fig. 8 Isoflux circle geometry. 


Now denote by 100% the maximum flux level 
possible between the two irradiation dies. Then draw a 
series of arcs that connect the edges of the die and 
indicate the percentages of the maximum flux along 
each arc. Figure 9 shows the result. 

It is plain from the geometry that the “100%” arc 
is the line that connects the edges of the slit. For the 
points on the surface of the semiconductor specimen 
between the edges of the slit, the upper die has no 
shielding effect; they receive the full 100% of the flux 
coming from the top. Of course they do not receive 
any flux from the bottom, since the lower die is 
unbroken. Thus 100% flux is only one-half the 
unperturbed flux at best. Any point below that surface 
sees even less than the 100% on the surface because of 
the shielding of the die. 

Now consider a set of specimens between the 
irradiation dies described, subjected to this irradiation, 
and note that those specimens whose starting dopant 
concentration was >20x 10'* atoms/cm? do not 
convert at all. Those with <20 x 10'* atoms/cm? have 
a cylindrical-shaped junction produced in them. 

The 75% curve corresponds to the junction shape 
and location in the specimen whose starting concentra- 
tion was 75% of 20 x 10'* (15 x 10'*) atoms/cm’, 
whereas the 30% curve corresponds to the junction 
shape and location in the specimen whose initial 
concentration was 30% of 20x 10'* (6x 10'*) 
atoms/cm? . 

Figure 9 is given as a universal curve, i.e., in terms 
of the slit width as the unit dimension. It can therefore 
be used to design any configuration that involves long 
slits in a one-sided die. 
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Fig. 9 Isoflux lines for an infinite slit (specimen completely shielded on bottom surface). 


Other Configurations. The long absorbing stripe on 
an otherwise open surface is the geometrical comple- 
ment of the long open slit. Just as the slit produces an 
N-type cylindrical region, the long absorber stripe 
produces a P-type cylindrical region. Here the entire 
specimen is exposed (to one-half the total flux since a 
completely opaque die is used on one side) except for 
the region under and near the neutron-absorbing stripe. 
The isoflux lines for this die pattern are identical in 
shape and location with those of Fig. 9 except that the 
percentage figures are 100% minus the percentages 
indicated on Fig. 9. 

Configurations of multiple slits can be calculated at 
each point simply by adding the flux contributions 
from the individual slits. For two adjacent slits the 
double-slit pattern degrades into the single-stripe pat- 
tern at lower flux surfaces. 


Consider a completely opaque irradiation die with 
a circular hole in it. To determine the isoflux lines 
under a circular hole, one notes the following facts. 

e The area of the spherical surface formed by the 
intersection of a sphere of radius r and a cone whose 
apex is at the center of the sphere and whose 
half-central angle is @ is given by the relation 2nr? 
(1 — cos ¢). 

e The fraction f of the maximum flux receivable 


from one side, received at the apex of the cone, is given 
by 


2() — 
f= 2nr* (1 £89) «1 and 
2nr 





0° <¢<90° 


Isoflux surfaces, to a first-order approximation, are 
spheres whose centers are a distance h beneath the 
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center of the hole and whose radii shall be called r. The 
angle 6 = 2 where h = w cot 0, andr=w sc @. 

As in the case of the infinite slit and stripe, the 
shielding disk is the complement of the exposed hole. 
There is a real advantage, however, in using shielding 
dots instead of exposed holes when small shallow 
regions are desired. When the finite thickness of the 
irradiation die is taken into account, it is easier to 
design with dots than with holes. 

Adjustments for Fast Flux and Leakage of Thermal 
Neutrons. Two significant sources of transmutation- 
induced impurities are the absorptions of fast neutrons 
and thermal neutrons that leak through the necessarily 
thin cadmium irradiation die. The simplest way to 
correct for these effects is to determine their magni- 
tudes as accurately as possible and then to increase the 
initial concentration by this amount, thus nullifying 
the background effects. The degree to which the 
background values can be evaluated determines the 
accuracy of the final junction shape and location. 

Selection of Irradiation Conditions: Design Proce- 
dure. The analytic calculation procedure described 
above was applied to the selection of irradiation 
conditions for a capsule. The example consisted of 
irradiation-die patterns in the form of two cadmium 
strips with an unshielded strip between them. Detailed 
calculations were worked out for selecting the con- 
ditions.? 


Semiconductor Processing Techniques 


Special techniques required in processing semi- 
conductors for use in microcircuit fabrication include 

1. Making small-area ohmic contacts to relatively 
lightly doped N-type silicon. 

2. Growing silicon dioxide layers with good insulat- 
ing properties and with modulatable inversion regions. 

3. Annealing silicon dioxide layers to reduce sur- 
face charge so that the degree of inversion-region 
modulation can be increased. 

4. Indexing the doped regions on silicon wafers, 
corresponding to specified regions on photoresist 
masks (the indexing is used to align the masks). 

5. Designing, fabricating, and using photoresist 
masks in the oxide- and metal-etching steps that are 
required after the doping. 


Making ohmic contacts is required especially for 
transmutation doping in silicon because of the low 
N-type concentrations produced by economical trans- 
mutation. The conventional method for making ohmic 
contact to doped silicon (either Por N type) is to 
evaporate aluminum onto the semiconductor and bake 
it in. This process is satisfactory for P-type silicon, 


whether lightly or heavily doped. It is also satisfactory 
for the highly doped N-type surfaces that are used in a 
diffusion processing. However for the low N-type 
concentrations produced by transmutation, an alumi- 
num contact is not ohmic. Modifications of conven- 
tional contact methods are therefore required that give 
ohmic contacts for highly doped N-type silicon. 

The second and third techniques are of special 
importance. The MOS transistor appears to be the most 
useful for fabrication by transmutation techniques. 
The bipolar transistor, to be most efficient, requires 
fabrication of individual doped regions whose dimen- 
sions are measured in microns. This requirement is of 
marginal practicality in transmutation, where the mini- 
mum thickness of the '!°Cd irradiation die is ~10 py, 
leading to minimal doped-region widths also of ~10 wu. 
The straightforward way to obtain spatial-region 
thicknesses of the order of 1 u or less by transmutation 
doping is to use the inversion region under silicon 
dioxide, whose thickness is of this order. Hence the 
MOS transistor becomes the basic active device to be 
used for transmutation doping in silicon. It is for this 
reason that the growth of oxide layers in silicon 
becomes the single most important processing tech- 
nique for transmutation microcircuitry. This process is 
identical with the conventional processing steps in 
MOS circuit fabrication,?’'® which consists in growing 
an electrically insulating oxide and annealing the oxide 
to ensure that the inversion region beneath the oxide 
can be modulated at convenient voltages. However, at 
present the required processing techniques are almost 
an art, each practitioner being required to develop his 
own methods.! !~!3 

The indexing and masking processes are very 
similar to those used in diffusion processing. Because 
the individual transmutation-doped regions are not 
easily visible under the microscope by their color, some 
modifications of the conventional indexing and mask- 
alignment procedures are necessary. 

For making ohmic contacts, three methods were 
evaluated: 

1. Electroless nickel plating. 

2. Electroplating with a gold solution containing a 
P-type dopant for P-type silicon and an N-type dopant 
for N-type silicon. 

3. Vacuum evaporation of a gold alloy with N-type 
dopant for N-type silicon and of aluminum for P-type 
silicon. 


The most practical method for making good electrical 
contacts to low-doped N-type silicon was found to be 
the vacuum evaporation of Au—Sb alloys. 
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Three methods of thermal oxidation of silicon have 
been used: oxidation in dry oxygen, oxidation in wet 
oxygen bubbled through 95°C water, and oxidation in 
steam at various pressures. At first this work centered 
principally about the wet-oxygen method, because it is 
several times as fast as the dry-oxygen process, and 
oxides without pinholes can be obtained by avoiding 
condensation of water on the specimens. However, 
these oxides when used in SFET gates had so many 
surface states associated with them that one could not 
modulate inversion-layer conductivity at electric field 
strengths below breakdown. When the dry-oxygen 
method was used, it was much easier to obtain SFET 
action. A typical procedure that gives SFET action 
includes 15 min in dry oxygen, 80 min in wet oxygen, 
and 15 min in dry oxygen to give an oxide thickness of 
4000 A. Bulk conductivity modulation was observed at 
16-V bias, which corresponds to ~7 x 10!! charges/ 
cm?. The improvement was almost certainly due to the 
absence of water in the initial oxidation. The use of 
exclusively dry oxidation with certain precautions 
provided a considerable further reduction in surface- 
state density. Eventually the dry-oxygen method was 
used almost exclusively. Its disadvantage is the long 
time (several hours) required to obtain a film thickness 
of several thousand angstroms. Its advantage. is that 
cleanliness of the oxide is much more easily obtained, 
which leads to a higher fraction of oxides with good 
inversion-region modulation. 

Annealing of the oxide to remove surface charge is 
required. The action of an SFET depends on the ability 
to vary the width of the inversion region under the 
oxide, which in turn depends on the fixed charge 
density at the silicon—silicon oxide interface. To 
modulate the inversion-region width, it is usually 
necessary to anneal the oxide after it is grown. A 
two-step annealing procedure is fairly common in the 
semiconductor industry for removal of surface charge, 
Q;;, in MOS devices.'? This annealing is to be 
distinguished from that used to remove radiation 
damage in irradiated silicon. The first annealing step, 
however, will be efficacious for simultaneously re- 
moving surface charge and radiation damage. There are 
two sources of Q,, on silicon oxide. One (called “slow 
surface states”) is the mobile impurity ions, principally 
Na’, which can be avoided by eliminating “dirt,” 
principally salts and organic compounds, in the course 
of surface preparation. A Qs, <2 x 10'' electrons/ 
cm? can certainly be obtained with regard to this 
source. The other (called “fast surface states”) is 
thought to be due to silicon ions diffusing a hundred 
angstroms or so into the SiO,. Such sources can be 


reproducibly controlled over a range of 10'° to 10°? 
electrons/cm? by appropriate annealing and ambient 
conditions. If SiO, is grown from dry oxygen and is 
quickly quenched, the Q,, is ~2 x 10'? electrons/ 
cm?; this process gives an easy-to-modulate oxide. If, 
however, it is permitted to cool slowly in oxygen, air, 
or water vapor (or even in nitrogen or argon gas that 
contains trace impurities), the Q;, will be high 
(~10 x 10'! electrons/cm?). Therefore one would 
suggest a I-hr anneal at 900°C in dry high-purity 
nitrogen or argon after the samples return from the 
reactor. The purpose of this high-temperature anneal is 
to eliminate the defect structure at the silicon—silicon 
dioxide interface; however, it cannot be eliminated 
completely. There still exist unattached silicon bonds, 
which act as charge centers unless they are 
compensated—e.g., by introducing hydrogen ions into 
the layer. 

The conventional photolithographic technique in 
semiconductor processing is as follows: 


1. A thin layer of an organic-monomer photoresist 
material is deposited uniformly on the surface to be 
etched. When this material is exposed to ultraviolet 
radiation, it polymerizes and becomes resistant to 
acids. 

2. The photoresist is exposed to ultraviolet radia- 
tion through a precise photographic masking trans- 
parency. The surface is then immersed in an acid, and 
the nonpolymerized material is washed off. The poly- 
merized material remains to protect the surface from 
etching solutions. 

3.An etching solution is applied, and the un- 
protected surfaces are etched away. If the surface is an 
oxide, for example, diffusion can then be performed 
through the slits in the oxide. 

4. A new surface is then formed, either by further 
oxide growth, by evaporation of a metallic contact 
layer, or by exposure of the semiconductor surface by 
etching and cleaning. The photolithographic process is 
then applied to the new surface in the same way as 
described above. 


At least three photographic mask transparencies are 
used for processing a transmutation-doped slice: 

1. For etching the slit pattern in the cadmium 
irradiation die before irradiation. 

2. For etching the slit pattern in the oxide for 
metallic contacts to the silicon (this is done after 
irradiation). 

3.For etching the required electrical inter- 
connection pattern on a metallic film evaporated onto 
the oxide. 
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Since the transmutation pattern is not visible on 
the wafer, special markings are required for the highly 
precise mask alignment. Several methods can be used. 
One is to scribe a set of reference marks on the wafer. 
An etching procedure can also be used in which tiny 
cross marks are etched into the oxide in a precise 
pattern, which can be produced by conventional 
photoresist techniques. The oxide-modulation proper- 
ties are not affected by this treatment. The use of 
high-precision registry masks requires that wafers be 
polished to a maximum surface irregularity of 1 mil. 


Design of Microcircuits 


Except for simple diodes, circuit components 
cannot be fabricated by transmutation techniques 
without additional processing. The function of trans- 
mutation is simply to insert a pattern of isolated doped 
regions in a silicon base. It is then necessary to grow 
modulatable oxides and to deposit metallization pat- 
terns. The microcircuits that can be considered will 
therefore consist of 


1. SFET’s. 

2. Resistors in the kilohm and megohm ranges. 
3. Capacitors. 

4. Diodes. 


It is unlikely that bipolar transistors can be produced 
by transmutation because the required degree of spatial 
control is not sufficiently precise, even when '!?Cd 
irradiation dies are used. Therefore the SFET must be 
the principal active element in the microcircuit. 


These components, which are discussed above, can 
be made by first doping a desired spatial pattern in the 
silicon; the function of the transmutation is to produce 
nearby doped regions that are electrically isolated from 
one another. A modulatable oxide is grown over the 
doped pattern, and a pattern of electrical contact holes 
is then etched into the oxide. Finally, a pattern of 
metallic contacts and metallic interconnection strips is 
evaporated over the insulating oxide layer. 


One important potential area of use for transmuta- 
tion doping in silicon is the production of bi-type 
silicon wafers for subsequent processing into comple- 
mentary MOS circuitry. Transmutation doping in 
microcircuitry is potentially capable of doping repro- 
ducibly over a large area without any failed elements. 
Reproducible doping demands relatively small spatial 
variation in the flux over the dimensions of a silicon 
wafer (~1 in.). Therefore wafers must be separated 
from one another during irradiation by ~ 4, in. Device 
imperfections caused by the diffusion process, by 


crystalline defects in the silicon, or by small dust 
particles would be avoided by transmutation doping. In 
the present state of the semiconductor art, for silicon 
specimens with doping patterns greater than 80 by 
100 mils, the fraction of rejects becomes excessive. If 
transmutation doping can produce silicon wafers in 
which closely spaced doping patterns with dimensions 
of 500 by 500 mils (0.5 by 0.5 in.) are present without 
imperfections at least 25% of the time, this doping 
could be economically attractive for some applications. 


As an example, consider large-scale read—write 
memories of large capacity on a single chip. Such a 
chip could replace a magnetic-core memory for high- 
speed digital-computer applications, or a magnetic- 
drum memory for lower-speed applications. A 
prototype circuit for such a device might be a 2- or 
4-phase shift register. The single stage of a 2-phase 
register might consist of six SFET’s and two capacitors 
and store a single bit. By setting 200 such stages in 
series in a closed loop, one can circulate 200 bits in 
each loop in 5 psec (25-nsec delay time per stage). A 
chip with 1 x 10* circuits could contain 50 such loops, 
corresponding to a 50-bit word. Thus a single chip 
could store 200 words of memory, each comprising 50 
bits; a 16-K memory would consist of 80 such chips 
plus two pulse-generator clocks. The economics of 
fabricating such a read—write memory may be ap- 
praised roughly. If a silicon chip 500 by 500 mils can 
be doped by transmutation without defects and if 
subsequent oxide etching and metallization are defect- 
free, there will be ~1 x 10* circuits on the chip, each 
capable of storing one bit, at a circuit density of 25 
square mils per circuit. Present large memories cost 
~3 cents per bit storage capacity; the cost can be 
expected to be reduced to between 1 and 2 cents per 
bit in a number of years. Thus a large chip would cost 
at least $100. The extrapolated fabrication cost of such 
a chip by transmutation is considerably ‘ess than this if 
such chips are produced in significant volume. 


The fabrication of large defect-free circuits requires 
large-scale uniformity in the semiconductor processing 
as well as in the doping in order to produce large 
regions in which defect-free doping patterns can be 
inserted. In particular, one requires uniformity of the 
113Cq plating and of the silicon surfaces prior to 
oxidation. Streak- and scratch-free ''*Cd plating of 
uniform thickness can be achieved, and silicon surfaces 
can be smoothed to a tolerance of | mil by appropriate 
lapping and polishing. 


Four microcircuits, embodying three to ten MOS 
transistors each and more complex than the two 


ISOTOPES AND RADIATION TECHNOLOGY, Vol. 8, No. 1, Fall 1970 





54 ISOTOPE TECHNOLOGY DEVELOPMENT 


discussed above, were studied for fabrication by 
transmutation processing; they were 
1. AND-OR-NOT gate for computer applications. 
2. Two-phase shift register. 
3. Two- or three-stage amplifiers. 
4. Multivibrator oscillators. 


Of these, the multivibrator oscillator is selected for 
illustration here. Figure 10 shows the circuit diagram 
and the cadmium and metallization patterns required. 
The resistances R are obtained by using inversion 
regions; MOS transistors, denoted by Q, use inversion 
regions with separately connected gates. Metallized 
layers over an oxide are used for capacitors. The etch 
pattern through the oxide is shown as the dark regions. 


Fabrication of Irradiation Dies and Capsules 


It was necessary to prepare adjacent doped regions 
with spacings of about 2 to 4 mils for fabricating 
SFET’s having appreciable amplification. This resolu- 
tion can be accomplished only by use of irradiation 
dies made of ''*Cd. Thus techniques were developed 
for depositing thin layers of cadmium and for photo- 
etching detailed slit patterns into them. 

Cadmium layers of 0.6- to 1.2-mil thickness were 
used. Cadmium in these thicknesses can be etched with 
relative ease. Although, for etching, a 1-mil layer of 
cadmium is considered to be thick and a nonvertical 
etch wall is obtained, etch factors higher than 1 
(corresponding to a 45° etch wall) are usually obtained 
when necessary. Ammonium nitrate solution (60 g/ 
liter) is an effective etchant, and conventional photo- 
resistance protects the cadmium. Such a solution will 
etch through a 1.2-mil cadmium layer in ~30 min. 

A more difficult problem was to deposit the '!*Cd 
on the silicon. An electrolytic method was developed 
for depositing the ''*Cd directly on an oxide layer 
grown on the silicon wafer. Use of an electroplated 
irradiation die, integral with the specimen surface, 
avoids the problem of motion of the irradiation die and 
specimen relative to each other. When close spacings 
are the objective, the irradiation die will be one-sided, 
with an opaque cadmium sheet on the opposite side of 
the wafer. 

Some work was done on natural cadmium irradia- 
tion dies for use in fabricating large-area SFET configu- 
rations and bi-type silicon patterns consisting of 
alternate layers of high-resistivity P- and N-type mate- 
rial. These dies were fabricated mechanically, the 
simplest method for the relatively large patterns 
(minimum spatial resolution of 10 to 15 mils) possible 
for natural cadmium. 


The irradiation capsules were much simpler and 
more easily fabricated than those used to fabricate 
single components. The reactor pool water was per- 
mitted to circulate freely in each capsule, and the 
distance between specimens was greater. Also, the 
silicon specimens and wafers were simply seated in 
recesses of the aluminum capsule. 

'13Cq Dies. A thin layer (0.5- to 1-mil thick) of 
113Cq is an effective irradiation die, since the thermal 
absorption cross section of ''*Cd is about eight times 
that of natural cadmium. The use of such a thin layer 
will permit line resolution of 0.5 to 1 mil in the 
doping, which is about the resolution attained in 
commercial doping. Cadmium-113 was plated both 
directly onto silicon and onto an oxide layer grown on 
silicon. The latter was more convenient and was 
perfected; it is described briefly here. 

A silicon wafer of suitable resistivity receives, by 
photographic reduction and masking, a pattern of areas 
to be plated with '!*Cd. The wafer is then oxidized to 
an oxide thickness of ~4000 A. A corner of the wafer 
is tested to determine that the oxide will withstand an 
electric field and have a low surface-state density. A 
thin layer of Nichrome (a few hundred angstroms 
thick) is vacuum-evaporated onto the oxide. Then a 
layer of nickel or copper is electrolytically deposited 
on the Nichrome. The ''*Cd is then plated onto the 
nickel. Whereas the Nichrome and nickel layers are 
<1 yw thick, the '1°Cd thickness must be at least 10 uw. 
A 30-u layer (~1.25 mils) will be electrolytically 
deposited on a 1-in.-diameter wafer in ~40 min at a 
current of 50 to 100 mA. A conventional cadmium- 
plating solution is used in which '!?CdO is present. 

The effect of cadmium removal on the properties 
of the oxide layer must also be considered. After the 
irradiation, the cadmium layer, as well as the thin films 
underneath it, must be chemically removed in the hot 
cell, but the oxide layer must remain. The cadmium 
layer and films are removed with a solution of nitric 
acid or aqua regia. However, a fast etch on the oxide 
layer is also performed to remove any diffusants in the 
oxide. In this process the oxide film thickness will be 
decreased from ~4000 to ~3000 A. It is necessary to 
verify that electrical characteristics of the oxide, i.e., 
the ability to modulate the inversion-region thickness 
under the oxide, are preserved after the fast etch 
following irradiation. This fast etch is comprised of 
buffered hydrofluoric acid, which removes ~1000 A of 
oxide per minute. Hence a 1-min etch will be required. 

For high-resolution circuits, refinements in the 
plating technique were needed to eliminate streaks in 
and adhesions to the plating and to increase the 
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Fig. 10 Multivibrator oscillator. 




















(4) CADMIUM PATTERN 
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adherence of the heavy plate (up to 1.5 mils) to the 
evaporated layer on the oxide. 


Natural-Cadmium Dies. Natural-cadmium irradia- 
tion dies were made of nominally 10-mil-thick cad- 
mium to give clear-through doping configurations. 
They were fabricated mechanically rather than by 
etching. The procedure consists in drilling out holes 
and punching out inserts by clamping the material 
between steel pieces ~9;,-in. thick. 


irradiation Capsule. The irradiation capsule used in 
this work differed from the previous capsules (Fig. 5) 
in several important ways: 


1. The capsule was completely open to the water of 
the reactor pool. This arrangement tends to prevent 
any flux depression by the capsule. 


2. The silicon specimens, encased in their irradia- 
tion dies, were separated from each other by ~%, in., 
which is more than the mean free path of a thermal 
neutron in water. This spacing should prevent “cross- 
talk” between specimens—i.e., depression of the 
neutron flux at one specimen by the irradiation die at 
an adjoining specimen. 


It was an objective to minimize flux depression and to 
make the flux uniform over the dimensions of each 
specimen. The uniformity of the flux over a specimen 
is the characteristic that makes transmutation doping 
attractive for large-scale integrated circuits since the 
doping will then be the same in identical slit patterns 
throughout the specimen, regardless of their number. 
Figure 11 is a diagram of an irradiation-die packet 
assembly ; Fig. 12 is a capsule section. 


RETAINING WIRE 


Irradiation Capsule Experiments 


Four irradiation capsules were prepared and irradi- 
ated. Each contained a number of silicon specimens 
that comprised several irradiation experiments, which 
are described below. 


Capsule A. The purpose of Capsule A was three- 
fold: 


1.To produce doped configurations that might be 
processed into SFET’s. 

2. To test the geometric predictability of the doped 
patterns. 

3.To irradiate the silicon specimens without 
“crosstalk” (mutual interference) and in a water-filled 
capsule. 


The irradiation dies were fabricated mechanically of 
natural cadmium in geometric patterns by the methods 
previously described. They were irradiated in location 
P-3 of the ORR pool hanger; the design value of 
neutron fluence was 43 x 10!* n/cm?. 

The results were as follows. The capsule was 
overirradiated. The desired doped configurations 
were transferred onto a number of specimens. How- 
ever, the configurations were not clear-through, and 
the isolated regions that were to be source and drain 
were present only near the surface. Consequently, in 
the course of lapping and oxide-growing, the doped 
regions were obliterated from the silicon specimens. 
Nevertheless, the desired pattern was produced. This 
confirmed the geometric predictability of the complex 
circular pattern. The irradiation of specimens without 
mutual flux interference was also demonstrated. 
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Fig. 11 Irradiation-die packet assembly. 
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Capsule B. There were three objectives in the 
design of Capsule B: 

1. By use of natural-cadmium irradiation dies, to 
produce bi-type high-resistivity silicon chips suitable 
for complementary MOS circuits. 

2. By use of '!%Cd irradiation dies, to produce 
doped configurations suitable for fabrication into 
SFET’s. 

3. To gain experience in the fabrication and in the 
use of '!3Cd irradiation dies. 


Both the natural-cadmium irradiation dies and the 
113Cq dies were of relatively simple geometry; they 
consisted of adjacent strips of cadmium-shielded and 
unshielded regions. In the natural-cadmium dies, the 
strip spacing was 15 mils; in the ''?Cd dies, the 
minimum spacing was 3 mils. The natural-cadmium 


quently, the section of Capsule B that contained the 
113d experiments was overirradiated. 

Capsules C and D. The objectives of experiments 
with Capsules C and D were 

1.To fabricate doped configurations over large 
areas of the silicon wafers. 

2.To determine whether irradiated oxide layers 
can be modulated—i.e., whether gate electrodes can 
modulate the polarity of the inversion region under an 
irradiated oxide. 

3.To demonstrate the processing of silicon wafers 
with electroplated and photoetched irradiation dies. 

4. To fabricate SFET’s. 

5. To fabricate several types of microcircuits. 


Capsule C contained irradiation dies for two types of 
microcircuits; Capsule D, for two other microcircuits. 


Fig. 12 Capsule B section for bi-type material showing a natural-cadmium irradiation die. 


dies were fabricated mechanically; the ''*Cd dies, by 
electroplating and photoetching. 

The Capsule B was fabricated in two sections 
spaced ~3in. apart, one section for the natural- 
cadmium dies and the other for '!*Cd dies. The design 
value of the neutron fluence specified was 43 x 10'® 
n/cm?. Irradiation of Capsule B was begun in the P-3 
location. However, the flux in this location was too 
low because of neighboring experiments that contained 
neutron absorbers. It was necessary to reirradiate 
Capsule B after the absorbers were removed. Conse- 


Initial plans called for irradiation of Capsule C first 
and Capsule D later. However, the usual irradiation site 
P-3 was not available when needed. Therefore the 
simultaneous irradiation of both capsules was initiated 
in the only accessible location; the irradiation condi- 
tions of the location were not known. 

The new irradiation site proved to have a low flux, 
and it became apparent that the irradiation could not 
be completed there. Personnel of the ORR then 
fabricated a capsule-hanger facility at location P4 in 
the reactor pool, directly adjacent to the core face. An 
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advantage was that no foreign experiments would 
intervene between the capsules and the core. The 
neutron flux was found to be 4.5 times that of the 
previous location. On this basis the irradiation time 
for a nominal transmutation-induced dopant concen- 
tration of 80 x 10'* atoms/cm* was estimated to be 
34, days. Actually, only about half this concentration 
resulted. 

The consequences of the underirradiation of Cap- 
sules C and D were that no microcircuits of acceptable 
quality were obtained. Nevertheless, on those wafers 
whose initial resistivity was compatible with the 
irradiation, large areas of properly doped configura- 
tions were produced. Detailed data were obtained on 
the electronic properties of the specimens.? 


2. Although sections of some wafers gave large-area 
doped configurations as predicted, the actual doping 
concentrations were significantly different from the 
desired values. This difference resulted in poor device 
characteristics. 

3. Only in the case of the bi-type doped configura- 
tions was a large percentage of the specimens properly 
doped. In most of the other wafers, inhomogeneities in 
the neutron flux prevented the large-area control of the 
doping that was desired. 

4. Despite the observed poor device characteristics, 
the qualitative ability of the transmutation-doping 
process to produce the desired devices was verified. 

5. All the semiconductor processing steps that were 
required have been successfully practiced. 


Fig. 13. Patterns used in etching cadmium irradiation dies for Capsules C and D. 


The selected Figs. 13 and 14 for Capsule D 
illustrate the sequence of patterns and configurations 
associated with the transmutation doping of a silicon 
wafer. 

General Results. The general results of the irra- 
diation experiments were: 

1. Although SFET action was observed in a number 
of doped configurations produced in the irradiation 
experiments, the SFET characteristics were of poor 
quality. This result seems to be directly attributable to 
failure to obtain the desired neutron fluence within the 
irradiation capsule. 
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CONCLUSIONS 


Concerning the practical applicability of transmuta- 
tion doping for fabricating silicon microcircuits, it is 
concluded that 


1. There appear to be no insurmountable technical 
problems in the processing of large-area silicon micro- 
circuits by transmutation doping. However, practical 
difficulties in irradiation-die design and reactor process- 
ing have prevented successful demonstration of this 
method. 
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(a) !43Cg = IRRADIATION-DIE PATTERN (ELECTRO- 
PLATED AND ETCHED). 


(c) CONTACT HOLES FOR ETCHING THROUGH THE 
OXIDE LAYER. 


(7) PATTERN OF METALLIZATION OVER THE OXIDE. 


Fig. 14 Patterns on the silicon wafer of Capsule D. 


2. It is impractical to attempt irradiation processing 
for silicon microcircuits without regular access to a 
specific location within a reactor, where characteristic 
properties of the radiation may be tested and relied 
upon. The difficulties of long waiting times for an 
irradiation location, long turnaround times (~3 months 
instead of 2 or 3 weeks), and the necessity to switch 
from one location to another have made it impractical 
to monitor the neutron fluence within an irradiation 
capsule and difficult to obtain the desired fluence. 

3.The use of transmutation doping in silicon to 
produce bi-type material for complementary MOS 
circuits was successfully demonstrated. In this area, 
transmutation has a unique capability that is of 


potential importance for logical circuits with low 
power consumption. A detailed description of the 
advantages of transmutation doping for making bi-type 
silicon substrates for complementary MOS circuits is 
presented. 

4. This program has led to the development of a 
complete step-by-step processing method for fabricat- 
ing large-area microcircuits in silicon. However, eco- 
nomic practicability of this procedure remains to be 
demonstrated. 


Because of present difficulties in securing an 
appropriate irradiation facility with well-controlled 
flux levels and short experiment turnaround time, one 
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would conclude that in future work on silicon micro- 
circuits emphasis should be placed on transmutation 
processing of bi-type silicon substrates for complemen- 
tary MOS circuits, where this process offers a uniquely 
advantageous capability. 
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A Radiochemical Study of the Diffusion of lons 
Through Protective Films 


By Alfred L. Glass and Jack Smith* 


Supplementary Keywords: chemistry, physical; industry; 
industry, plastics; industry, rubber; coating; corrosion; tracer; 
material tracing; multiple tracing; instrument; counting; physi- 
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Abstract: The radioactive tracers 3H, 22Na, and 3°CI were 
used to measure the rates of diffusion of sodium and chloride 
ions and of water through various organic protective coatings 
and barriers. To provide information useful in improving 
protection against corrosion, the results were correlated with 
the electrochemical properties of the materials tested. The data 
acquired indicate that hydrolysis and ionization of polymer 
films in contact with water cause electrostatic charges on the 
film, which affect both the permselectivity of the film to ions 
and the rate of diffusion of the ions through the film. 





*Aero Materials Department, Naval Air Development 
Center, Johnsville, Warminster, Pa, 18974. 


In previous studies!~? of the migration of ions through 
a membrane, the electrochemical properties of the 
membrane have been of chief interest. Before the 
advent of radioactive tracer techniques, accurate mea- 
surement of the small amounts of migrating ions was 
not possible. In the work described here, the radio- 
isotopes *H, ?7Na, and ?°Cl were used to study the 
migration of microquantities of Na* and CI ions 
and of water through eight selected organic pro- 
tective coatings and barriers. The materials were 
studied in the form of films. The mechanism of 
permeation of the ions through the films was of 
particular interest. The work was reported originally in 
the Journal of Paint Technology,'® which should be 
consulted for more detailed information than that 
given here. The procedures described were also used 
subsequently to investigate the effect of pigment on 
the diffusion of ions through protective films. ! 
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EXPERIMENTAL CONDITIONS 


Eight organic materials (Table 1) representative of 
those used by the Navy as protective coatings and 
barriers were selected for study. Those not already in 
film form were cast as films by a special procedure.!° 
The film thicknesses were measured with a micrometer. 


Three solutions of radioisotopes were used. A 
solution that contained *>H,O was prepared in dilute 
sodium chloride solution from carrier-free 7H,0,. From 
carrier-free ??NaCl in hydrochloric acid solution, a 
solution of 7?Na* was prepared in dilute sodium 
chloride solution. From carrier-free Na? °Cl, a solution 
of *®Cl was prepared in distilled water. 


The apparatus was designed especially for the 
experiments, Figure 1 shows the diffusion cell. With 
the instrumentation shown in Fig. 2, the quantities of 
22Na* and ?°CI that diffused through the films were 
measured continuously, except that for ??Na”* mea- 
surement the Geiger tube was replaced by a well- 
type scintillation counter. It was necessary to mea- 
sure *H,O discontinuously by liquid-scintillation 
counting.’ ° 


In the measurement of ion diffusion, the levels of 
liquid were the same in both compartments of the 
diffusion cell. During the permeation by ?7Na” and 


3°CI, water was pumped continuously through com- 
partment A to the instrumentation. During permeation 
by *H,O, the contents of the diffusion cell were 
undisturbed, and aliquots were removed intermittently 
from compartment A for measurement. 


RESULTS AND DISCUSSION 


The experimental work included a study of the rate 
of diffusion of H,0, Na*, and Cl and the effects of 
film thickness, and of the concentration of ion in the 
solution from which it migrated, on the diffusion rate. 
From the results, information was gained about the 
relative degree of protection to be expected from the 
films and the mechanism of ion migration through 
them. 

Table 1 gives the average rates of diffusion of H,O, 
Na’, and CI through the eight selected films. The data 
show that: (1) the average rates of diffusion differ with 
the type of film, (2) Na’ and CI ions diffuse in 
amounts that are not proportional to their concentra- 
tions in the solutions from which they migrated and 
not in stoichiometric ratio to each other, and (3) the 
ratio of diffusing Na* to CI ions varies with film type. 

From experimental measurement of the migration 
of H,O and Cl through nylon 8200 and 8205, the 
diffusion rate of the migrating species is indicated to be 
inversely proportional to the total thickness of the film 
but to vary with type of nylon and of ion. Nylon 8205 
is more permeable than nylon 8200; Cl diffuses faster 
through each than does Na’. 

Nonproportional decrease occurs in ion-diffusion 
rate with decrease in the sodium chloride concentra- 
tion of the solution from which the ion migrates. This 
effect was observed in a study of the diffusion of Na* 
and Cl through films of nylon, neoprene, and cellulose 
acetate. Nylon is permselective to Cl; neoprene and 
cellulose acetate are permselective to Na’. 


Table 1 Rates of Diffusion of H,O, Na*, and CI Through Films* 





Average diffusion rate, g/hr} 
cr Na" 
Theoretical 








H,0 Theoretical 
Film Measured 








From H20 values Measured From H20 values From Cl values Measured 





1.20 x 10° None None 
2.96 x 10° 3.02x10’ 1.20x10° 
1.87 x 10” 9.77x10°° 1,39x 10° 
1.18 x 107 None None 


1.85 x 10° None 
4.58 x 10> 4.66 x 10” 
2.89 x 107 1,51 x 10° 
1.83 x 10” None 


1.87 x 10° 
Cellulose acetate 1.95 x 10 
Epoxy MIL-C-22750 1.23 x 10% 
Mylar 7.78 x 10° 
Neoprene organic pro- 
tective coating 1672A 
Nitrocellulose acrylic 
lacquer MIL-L-19537 
Nylon 8200 
Polyethylene 


Aclar 191 


4,90 x 10° 1.15 x 10° 2.57 x 107 7.45107 1.66x10°  7.46x10° 


4.72 x 10° None 
8.47x10°  5.78x10° 
5.49 x10? None 


5.32x 10° 
1.40 x 10° 
2.39 x 10° 


7.29 x 10° 
1.31x 10” 
8.48 x 10° 


8.23 x 10” 
2.17 x 10° 
3.69 x 10° 


3.50 x 10% 
9.24 x 10° 
1.57 x 10° 





*Migration from 0,053M NaCl through the film into distilled water. 
+Per square centimeter of 1-mil-thick film. 
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Fig. 1 Diffusion celi, A, compartment for distilled water; B, 
compartment for radioisotope solution; C, gasket; D, test film 
of 2%- by 2%-in. exposed area; F, drains, 


Fig. 2 Assembly of equipment for mea- 
suring *2Na* and >°CT that diffused 
through films. A, rectifier; B, pump; C, 
shielded Geiger flow tube; D, diffusion 
cell; E, rate meter; F, recorder, 
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The ratio of diffused NaCl to diffused H,O in 
compartment A deviates from the original ratio of 
NaCl to H,O in compartment B. Also, the diffused Na* 
ions are not in stoichiometric ratio to diffused CI ions. 
These deviations are interpreted to mean that perme- 
ation of ions through membranes involves factors other 
than the relative diameters of the ions (or their 
hydrated forms! ?~!*) and of the film pores. According 
to the electrochemical concept of the diffusion 
process,'~* walls of film pores become electrostatically 
charged by ionization of certain groups in the chemical 
structure of the film. The sign (+ or —) of this charge, 
together with the charge and size of the ion and the 
size of the pores, determines whether an ion will 
diffuse through a film. The data from this study 
indicate that: (1) nylon has a positive pore charge (Cl 
diffuses faster than Na’), (2) polyethylene has a 
positive pore charge and relatively small pore diameter 
(Cl diffuses; Na” does not), (3) nitrocellulose behaves 
similarly to polyethylene, (4) neoprene has a negative 
pore charge (Na’ diffuses in stoichiometric excess of 
Cl), (5) epoxy behaves similarly to neoprene, and (6) 
cellulose acetate also behaves similarly to neoprene. 

The establishment of a uniform ion-migration rate 
following an initial nonuniform rate is interpreted to 
indicate a Fickian-type’*!7 diffusion process. This 


effect is shown in Figs. 3 to 6, which give data on the 
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Fig. 3 Diffusion of Na’ and CI through nylon film. 
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Fig. 4 Diffusion of Na’ and CI through cellulose acetate film. 
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Fig. 5 Diffusion of Na’ and CI through neoprene (©) and epoxy (A) films. 
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Fig.6 Diffusion of Cl through nitrocellulose acrylic lacquer 
(0) and polyethylene (A) films. 


diffusion rate of Na’ through four and CI through six 
types of films. The initial nonuniformity is believed to 
result from hydrolysis of the film, which proceeds to 
an equilibrium hydrolysis and produces sufficient 
electrical charge on the pores of the film to cause 
repulsion of certain migrating ions. This deduction is 
corroborated from diffusion studies on nylon and 
neoprene films presoaked in water, that is, at hydroly- 
sis equilibrium. For these films the initial nonuniform 
migration rate did not exist—the rates were uniform 
from the start of the migration. 


CONCLUSIONS 


This study, made possible through radioisotopes, 
provides information of value in the practical use, as 
films, of the typical corrosion-protective materials 
tested. It was shown experimentally that (1) the films 
are permeable to water and to certain anions and 
cations, (2) diffusion of ions through the films is 
inversely proportional to film thickness and directly 
proportional to time, and (3) on contact with water, 
the films hydrolyze and thus acquire electrostatic 
charges that cause them to become permselective. 

(HPR) 
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Detection of Art Forgeries by X-Ray-Fluorescence 
Spectroscopy 


By Richard Frankel* 


Supplementary Keywords: archeology; cadmium-109; mea- 
surement; composition; measurement and control system; 
forensic investigation, 


Abstract: An X-ray-fluorescence spectrometer that contains a 
multichannel analyzer, and thus can determine several elements 
simultaneously, is described, together with applications of the 
instrument to the detection of art forgeries. 


X-ray-fluorescence spectroscopy is a technique in 
which radiation is allowed to impinge on a material so 
as to induce in the material X radiation whose energy is 
characteristic of one or more components of the 
material. The reflected, or “fluoresced,” X radiation is 
identified with a spectrometer. A convenient instru- 
ment for carrying out this technique is the Kevex Ray, 
marketed by Kevex Corporation ($20,000 to $25,000), 
which contains a gamma-emitting radionuclide— 
109Cq——as the source of primary radiation. 


DESCRIPTION OF INSTRUMENT 


The Kevex X-ray fluorescence spectrometer that 
uses a deuterium multichannel analyzer—the Kevex 
system—can determine many elements at once 
(Fig. 1). A radioisotopic source irradiates a sample. The 
individual atoms in the sample reemit fluorescence 
(prompt) X rays that are characteristic of each element 
in the sample, and the detector absorbs them. Electrical 
charge pulses, proportional in amplitude to the energy 
of the individual photons from the detector, are 
amplified and converted to voltage signals for the input 
to a pulse-height analyzer. The pulse-height analyzer 
sorts and displays the resulting spectrum, which can be 
read out with an X—Y plotter or with printed or 
punched tape. 

A typical detector is a lithium-drifted silicon 
semiconductor 30 mm? and 3 mm in sensitive depth. 
Other high-performance detectors are obtainable, rang- 
ing from 10 mm? to 1250 mm? and up to 5 mm in 
sensitive depth. While the detector should be stored at 
liquid-nitrogen temperatures, it can withstand 25 tem- 
perature cycles (room temperature to 78°K) and 





*Analytical Instrument Division, Kevex Corporation, 898 
Mahler Road, Burlingame, Calif. 94010. 


100 hr storage at room temperature without degrada- 
tion in resolution. 

The system contains two pulsers, which are cali- 
brated to read directly in keV units. By setting these at 
the extremes of the energy range to be analyzed, 
appropriate adjustments are made to the linear- 
amplifier controls and pulse-height-analyzer controls, 
so that the energy range of interest is spread over the 
desired number of channels. (The same adjustments 
apply to the operation of a single-channel analyzer.) 
The Kevex pulser is mixed in the first stage of the 
linear amplifier whereas the signal input is grounded, so 
that the pulse width registers in only one channel of 
the analyzer. 

The limits of detection are a function of the 
resolution of the system, the matrix of the sample 
specimen, and the amount of time devoted to the 
assay. The assay is an integrating method in which the 
signal/noise ratio increases as a function of time. 
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Fig. 1 Kevex Ray system for X-ray-fluorescence analysis, 


USE 'N DETECTING ART FORGERIES 


The X-ray-fluorescence spectroscopy technique can 
be used to determine the elementary composition of 
the paint used in an art treasure without destroying or 
harming the painting in any way. Many fake master- 
pieces have baffled the experts, but the composition of 
the pigments, along with the artist’s unconscious 
penchant for using certain ratios of pigments in certain 
common situations, makes it possible to approach the 
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forgery-detection problem both qualitatively and quan- 
titatively. 

Pigment compositions vary with locale and date. 
White, for example, may be produced with lead, zinc, 
or titanium oxides, but zinc oxide was not produced 
before 1870, and titanium oxide was not used before 
1900. Therefore, if either zinc or titanium is found in 
white areas of a supposed early Renaissance painting, 
that painting is either a forgery or has been recently 
restored. A more subtle study—analysis of the paint 
on several works of a particular artist to determine the 
pigments characteristically used by him——would reveal 
paints that were particularly attractive to an artist and 
possibly the times in his career when he changed to a 
new paint. Differences between countries and centuries 
would most certainly be revealed, and differences 
between works of artists painting in the same locality 
at the same time might show up. A particularly subtle 


Fig. 2 X-ray-fluorescence instrument in 
front of portrait of Queen Mariana of 
Austria painted circa 1658 by Diego Velas- 
quez (1599-1660). 
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relation is the use of similar mixtures of paints for the 
same situations, e.g., in painting the ear in portraits. 
Analysis of the paint on the ear of a possible forgery 
and comparison with a known-to-be-authentic portrait 
would certainly indicate a deviation from the particular 
artist’s usual practice. 

The Kevex X-ray-fluorescence spectrometer was 
used to study two paintings—one by Diego Velasquez, 
painted circa 1658, and one by Paul Gauguin, painted 
in the latter part of the nineteenth century. Figure 2 
shows the instrument standing in front of the 
Velasquez portrait of Queen Mariana of Austria, a 
painting currently valued at $1 million. The detector 
window is directed at the medallion in the portrait. 
With a 10-min irradiation, the spectrums of the 
fluoresced Xradiation from the medallion on the 
portrait subject’s chest (Fig. 3a) and from the subject’s 
forehead (Fig. 3b) were recorded. 
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Fig. 3 X-ray-fluorescence spectrums induced by ing gamma radiation in (a) medallion on the chest 
of Velasquez’s 1658 portrait of Queen Mariana of Austria, (b) forehead of same subject, and (c) a 
small portion of a nineteenth-century portrait by Gauguin. 
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Fig. 4 Kevex Ray analyzing a small portion 
of a painting by Paul Gauguin (1848- 
1903). 


The preponderance of lead in the pigments is 
clearly shown. In addition, strontium, calcium, and 
iron are shown in the medallion, but only strontium in 
the lighter tones of the forehead. Velasquez is known 
to have impregnated his canvas with a primer consisting 
of white lead paint and gesso (gypsum). He then 
applied a deep red layer over the priming except under 
the flesh areas, thus achieving considerable luminosity 
of the flesh tones as contrasted with the darker 
background. 

Figure 4 shows the instrument in position to 
excite X rays from the small Gauguin portrait. In this 
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X-ray spectrum (Fig. 3c), zinc is strongly in evidence, 
along with barium and sulfur, all three of which were 
absent in the earlier Velasquez portrait. (MG) 


Editor’s Note: A portable X-ray-fluorescence spectrometer 
and the theory on which it is based were described in Jsotopes 
and Radiation Technology, 5(4): 280-284 (1968). This instru- 
ment used a single-channel analyzer, determining one element 
at a time. Other nondestructive techniques are discussed in 
Isotopic Methods of Examination and Authentication in Art 
and Archaeology, by F. J. Miller, E. V. Sayre, and B. Keisch, 
USAEC Report ORNL-IIC-21 (in press). 
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Radioisotopic Gage for Width Control* 


Supplementary Keywords: measurement, other; measurement 
and control system; carbon-14; industry; industry, plastics; 
instrument; plant scale; England. 


Mechanical control of width of layflat plastic tubing 
used for packaging is not very accurate because of the 
deformability of the film edges, and optical methods 
are not satisfactory for transparent or translucent 
materials. A radioisotopic-gage method has been de- 
veloped in which there is no contact of the gage with 
the material monitored, and the results are indepen- 
dent of film color and surface properties and of 
ambient conditions. 

The radioisotopic-monitoring system uses two '*C 
beta sources and two detectors, one source—detector 
combination on either side of the moving tape (Fig. 1). 
The sources are mounted so that the tape screens half 
of each detector. The total area of free detector 
surfaces—and thus the sum of the two detector 
signals—remains constant for a constant width re- 





*Based on A. Kemper and P. Platzek, Nuclear Methods of 
Width Control in Layflat Tube Production, British Plastics, 41: 
115-120 (June 1968). 


gardless of any lateral displacement of the tape. A 
change in the detector signal thus indicates a change in 
width. Relay set points are provided to produce a 
warning signal when width-deviation tolerance limits 


are exceeded. 
4c SOURCE ['4c source | 
im ae 


2 TUBING 
| i wy FROM EXTRUDER y y | 
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| B RADIATION ———~| 
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Fig. 1 Radioisotopic gage. 





In tests with the system on 30-um-thick, 
245-mm-wide polyethylene film, produced at a rate of 
12.4 m/min, width variations of 0.5 mm were detected. 
Performance was also satisfactory with 80- to 
300-mm-wide tubing produced at a rate of 33 m/min. 
Further, periodical width variations of 1 mm occurring 
over a 6- to 8-min pass time—previously un- 
recognized—-were detected. (MG) 


Portable Neutron Radiographic Camera 
Using 7°2Cf 


By C. B. Shaw and J. L. Cason* 


Supplementary Keywords: radiography; portable; source, 
neutron; instrument. 


Abstract: A first-generation portable neutron camera using 
252CF as the source of neutrons was developed and con- 
structed and is being used in studies on applications. Work to 
date indicates that a satisfactory neutron dose can be delivered 
at the object position with satisfactory resolution capability. 
The entire device—including containment, moderation, colli- 
mation, and control systems—is portable. 





*Battelie Memorial Institute, Pacific Northwest Labora- 
tory (Battelle—Northwest), Richland, Wash. 99352. Report 
BNWL-SA-3090, prepared for presentation at an American 
Society for Nondestructive Testing Conference at Los Angeles, 
March 1970 (shortened version). 


Neutron radiography can be used in areas considered 
out-of-bounds (or at least of dubious value) by X- or 
gamma-ray radiographers, for example, in examination 
of light elements, many composites, rocket propellants, 
many aircraft components, electronic hardware, and 
biological specimens.' Neutron radiography offers an 
evaluation method for nuclear reactor fuels in the 
measurement of poison and hydride contents and 
enrichment levels. It also provides a usable radiographic 
tool for both pre- and postirradiated materials to 
provide information as to component placement, swell- 
ing,-rupture, and internal measurements.” * 

The rapid growth of neutron radiography applica- 
tions has been hindered to some extent by the 
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requirement that materials to be tested must be taken 
to a reactor or neutron generator for evaluation 
(Fig. 1). The advent of ?°?Cf, which has a neutron 
yield of about 1 x 10'? n/(sec)(g) and a half-life of 
2.63 years, may change this picture. Californium-252 is 
considered a very attractive candidate for providing a 
portable high-neutron-flux source of compact size, and 
Battelle—Northwest, under contract to the U.S. 
Atomic Energy Commission Division of Isotopes De- 
velopment, is conducting research on the development 
of portable neutron radiographic devices using 7*?Cf. 

Initially a computer-assisted analysis was used to 
determine optimum moderator and imaging materials 
as well as source—moderator—image material configura- 
tion for the use of 75*Cf. The fast neutrons from 
*52Cf had to be moderated since the emphasis was on 
thermal-neutron radiography. The analytical study was 
followed by an experimental verification of the analyti- 
cal predictions. The composite results of the studies 
provided the design requirements for the fabrication of 
a portable neutron camera (NC-1). The fabrication of 
the device was followed by initial flux measurements 


NEUTRON GENERATOR 
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and neutron radiographs, which correlated with the 
analytical and experimental evaluation. 

The development prc gram is summarized here, and 
the camera developed as a result of these studies is 
described. 


ANALYSIS 


A computer-assisted analysis utilized an ANISN 
code with a UNIVAC 1108 computer to provide 
interpretative data regarding bare source spectrums, 
moderated spectrums for a given moderator material 
and thickness, the resultant flux, and the relative 
image-foil response. The moderators evaluated were 
paraffin, carbon (graphite), beryllium, titanium hy- 
dride, zirconium hydride, beryllium hydride, and wa- 
ter. Foil activities for imaging considerations were also 
calculated for gadolinium, dysprosium, gold, cadmium, 
and indium.’ 

Numerical solution, by the ANISN code, of the 
multigroup form of the neutron-transport equation for 
the spherical-geometry case indicated solutions for 


NEUTRON CAMERA 





Fig. 1 Comparative neutron sources, 
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distinct boundary conditions, thus supporting the 
requirements for developing a transportable neutron 
source. The boundary conditions imposed on the 
analysis were small source volume, steady-state inten- 
sity, and optimum moderation with peak image-foil 
activity response. 


Optimum moderator conditions depended on si- 
multaneously maximizing the thermal flux at the outer 
radius of a sphere of moderator surrounding the source 
and the image-foil activity response at this outer 
position. Metal hydrides* were selected in part because 
of their high hydrogen content per cubic centimeter as 
compared to an equal volume of water and paraffin. 
Metal hydrides—ZrH, and TiH, in particular—also 
have the advantage of being able to be heated to 
1273°K and cooled to below 10°K without adverse 
effects on their hydrogen content. Efforts were made 
to provide the data needed to permit an evaluation of 
the feasibility of neutron-spectrum tailoring by provid- 
ing various differential neutron plots for given 
moderator conditions. 


Analysis of the results indicated that the feasibility 
of using *°*Cf for thermal-neutron radiography was 
possible with a thermal flux of about 10° n/(cm? (sec) 
(based on a 268-yg source), although 10° is acceptable. 


As expected, the metal hydrides offered the greatest 
efficiency for moderating the neutrons, requiring an 
average of about 3.2 cm of material with a calculated 
thermal flux of 1.2 x 10° n/(cm?)(sec) as well as 
providing an effective gamma filter. Water and paraffin 
were the second best moderators, needing about 5 cm 
with a thermal flux of 7.0 x 10° n/(cm?)sec), and 
beryllium and carbon were the least efficient, requiring 
an average of about 25 cm of material with a flux of 
about 1 x 10° n/(cm?)(sec). Results also indicated the 
practicality of shifting the neutron spectrums by 
varying the moderator material and/or thickness. A 
shift in the neutron spectrum leads to a corresponding 
shift in the image-foil response. This selective modera- 
tion would allow selection of the most appropriate 
neutrons for a given material thickness, material 
neutron cross section, and image technique. 


A summary of moderation data for various mate- 
rials is plotted in Fig. 2a. Optimum conditions can be 
determined by selecting the peak thermal flux (right- 
boundary flux) for a given thickness of moderator. 
Image-foil responses are plotted in Fig.2b for the 
gadolinium activity that gives the optimum thickness 
of a given moderator to obtain peak response for a 
given image foil. The data plotted in Fig. 2 will aid in 
the selection of moderator—image-foil combinations, 


thus obtaining conditions for the optimization of the 
radiographic results. 

The thermal-flux value predicted from the data 
plotted in Fig. 2a aids in the calculation of the required 
exposure time for a given object material. Another 
factor influencing the selection of moderator material 
and thickness is the total flux (thermal and fast) for a 
given moderator thickness. Neutron-spectrum plots 
have been obtained by computer techniques for each 
moderator case. 
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Fig. 2 (a) Calculated right-boundary thermal flux and (5) vari- 

ation in gadolinium activity at last space point using 75*Cf 

source with various moderators. , BeH2; — --, oH: 

—*—,H,0; °° *, TiH2; —--, paraffin; —x—,Bex 10; 
--—Cxig!, 


Using the data thus generated, we are able to 
bypass the conventional methods of exposing subjects 
for radiography to a neutron beam obtained by 
inserting a collimator into a rather large, unwieldy 
isotope-containment tank. An experimental device was 
constructed for use in verifying the computer analysis. 
The excellent agreement between analytical predictions 
and experiments led to design and fabrication of a 
first-generation portable neutron camera, designated 
“NC-1” (Fig. 3). 


ISOTOPES AND RADIATION TECHNOLOGY, Vol. 8, No. 1, Fall 1970 





ISOTOPE TECHNOLOGY DEVELOPMENT 


Fig. 3 Neutron camera NC-1. 


CAMERA DESIGN 


Studies were made on the use of metal hydrides as 
moderators, flux measurements, and initial radio- 
graphic resolution and imaging. A 268-ug ?°*Cf 
source, obtained from ORNL, for experimental testing, 
had a neutron yield of 6.2 x 10° n/sec and was used in 
an experimental container designed for neutron 
radiography. 

Experiments were performed to determine the 
optimum geometry and material for shielding **?Cf. 
The materials evaluated were zirconium hydride, tita- 
nium hydride, paraffin, gadolinium oxide, cadmium, 
water, and a boron carbide—epoxy resin compound. 
This resin compound was the most effective shield for 
fast neutrons, with the resin providing enough hydro- 
gen to moderate the fast neutrons and the boron 
carbide capturing the thermal neutrons. The half-value 
layer of this material for fast neutrons from 7°? Cf was 
about | in. 

Shielding data for the gamma radiation associated 
with 7°*Cf decay were determined by optimizing the 
interrelated parameters. The inverse-square principle 
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was used in determining the camera dimensions. The 
maximum gamma shielding obtainable with neutron 
shielding and moderator materials was considered, with 
use of a minimum of depleted uranium rather than a 
larger volume of lead to cut the remaining dose not 
accounted for by distance and neutron shielding. The 
result is the minimum size and weight of the final 
device. The final design also allowed for variable 
moderation and collimation. 

In the experimental evaluation of the moderators, 
ZrH, and paraffin were selected because these typify 
the two classes of potential moderators—metal hy- 
drides and carbon—hydrogen compounds—considered 
in a portable device. Water was considered experimen- 
tally in the same class as paraffin because of the similar 
hydrogen densities. The average hydrogen density of 
the zirconium hydride used in these experiments is 
7.5 x 107? hydrogen atoms per cubic centimeter and 
of water, 6.7 x 107? hydrogen atoms per cubic centi- 
meter.°'"® As expected, zirconium hydride was the 
more efficient moderator. 

The analytical computer studies together with the 
experimental camera configuration provided the re- 
quirements for the design and fabrication of a proto- 
type portable neutron camera (NC-1). Primary consid- 
erations were safety, size, weight, structural rigidity, 
simplicity, and operability. 

The camera was constructed in a modular manner 
so that modification can be made for shielding, 
moderation, and collimation. It consists of an egg- 
shaped, laminated, glass-fiber outer shell, two internal 
metal drums, shielding and moderator materials, adjust- 
able metal holder for collimators and moderators, and 
an electric-motor-drive—controller unit for rotating one 
of the internal metal drums. 

The camera is designed so that a ?°?Cf source 
positioned in the inner drum may be rotated by remote 
control or manually to two lockable positions. One 
position allows a neutron beam to be selectively 
moderated and radiographs to be produced; the other 
position is for storage of the source in a shielded 
location. 


EVALUATION 


The initial phases of the evaluation of NC-l 
included flux measurements and operational and physi- 
cal characterization of the construction materials used 
in the camera. 


Flux measurements for the optimum case were 
made using the indium-foil activation technique for 
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both bare and cadmium-covered foils. The results given 
correlate well with calculated values: 





Thermal flux, n/(cm”)(sec) 





Calculated Measured 





6.6 x 105 
1.3 x 10° 


Paraffin 6.7 x 105 
ZrH 1.2 x 10° 





Neutron radiographs have been made which dem- 
onstrate the feasibility of using **?Cf in a portable 
device for thermal-neutron radiography. One of these 
radiographs with an image-quality indicator and an 
X radiograph of the same object are shown in Fig. 4. 
One object consisted of small squares of various 
materials, which were, beginning on the left, from top 
to bottom, 


0.010 in. of copper 
0.060 in. of paraffin 
0.040 in. of paraffin 
0.020 in. of paraffin 
0.020 in. of cadmium 
0.040 in. of cadmium 
0.060 in. of cadmium 


0.010 in. of gold 
0.010 in. of indium 
0.020 in. of indium 
0.030 in. of indium 
0.015 in. of lead 
0.030 in. of lead 
0.045 in. of lead 


The second object was a cadmium shim containing 
holes of various sizes from 0.013 to 0.125 in. in 
diameter; the minimum separation between the holes 
was 0.010 in. and the greatest, 0.125 in. The third 
object consisted of three M-16 bullets, with a booby- 
trapped round on the extreme left, a tracer-loaded 
round in the middle, and a standard-load M-16 round 
on the right. It is obvious that the X radiograph and 
the neutron radiograph provide different information 
concerning the objects. Figure 5 is a photograph, an 
X radiograph, and a neutron radiograph of the same 
four bullets. Bullet A was an empty shell, B contained 
LSD, C contained marijuana, and D had a standard 
load. 

Using a direct technique with a neutron scintilla- 
tion screen, a typical radiograph can be produced in 
less than 15 min. Neutron radiographs using an 
activation-transfer technique with a dysprosium or 
indium foil required several hours with the source 
strengths available at the time of the tests. With the 
larger sources now available, shorter exposure times 
can be expected. 

The camera shell is made from 0.5-in.-thick 
Fiberglas—epoxy laminate, chosen because of the ease 
with which it can be molded into spherical and 


Fig. 4 (a) Neutron radiograph and (b) X radiograpu of, left to right, small squares of copper, paraffin, 
cadmium, gold, indium, and lead of various thicknesses (see text); cadmium containing different size 
holes; and M-16 bullets, where A is booby trapped, B is tracer loaded, and C has a standard load. 
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Fig.5 (a) Photograph, (b) X radiograph, and (c) neutron radiograph of 30-caliber bullets. A, an 
empty shell; B, LSD load; C, marijuana load; D, standard load. 


odd-angle shells; its high tensile strength (SO thousand tensile strength, compressibility, thermal conductivity, 

psi); high compressibility (70 thousand psi); light etc. Efforts will be made to decrease the size and 

weight; excellent neutron shielding characteristics; weight of the camera and to design neutron cameras 

fire-resistance characteristics (self-extinguishing epoxy for specific uses, taking into consideration transport, 

resin); resistance to acids and bases; high impact environmental conditions, need for certain portions of 

resistance (70 thousand psi); relatively low cost; and the neutron spectrum, and size of source material. 

thermal and electrical conductance properties (insula- (MG) 

tor in both bases). The gamma and neutron dose rates 

at the surface of the device when the source is in the 

stored position are 50 and 200 mR/hr, respectively. REFERENCES 

The source position can be controlled and monitored 

remotely. 1. J. L. Cason, Neutron Radiography with 252Cf in Forensic 
Tie. sane appears to be suitable for use in Science, Report BNWL-SA-2865, Battelle—Northwest, Rich- 

onan land, Wash., October 1969. 

reactor-fuel radiography and for determination of .H. Berger, Neutron Radiography—Methods, Capabilities 

polymer content and distribution in concrete. It can be and Application, Elsevier Publishing Co., New York, 1965. 

operated manually, using batteries or house current 


. M. Gerrard, Uses of Neutron Radiography, USAEC Report 
(110 V ac). The measure of success of the project can ORNL-IIC-16, Oak Ridge National Laboratory, October 


perhaps be judged by comparing the 4400-lb container 1968. 

in which the **?Cf arrived at Battelle—Northwest with 7 . Cason and C. B. Shaw, Neutron Radiography with 

the 100-Ib camera now in use or by comparing the Cf, Trans. Amer. Nucl. Soc., 12(2): 464465 
‘ , : ‘ : (November 1969). 

experimental device, which was restricted to use in a 


shicldeé feciiity. with oc t : cueeniionel .W. M. Mueller, J. P. Blackledge, G.G. Libowitz, Metal 
ee ee oe ee Oe, rE Nel Hydrides, Chaps. 2, 7, 8, Academic Press Inc., New York, 
X-ray laboratory. 


1968. 
Work is proceeding to fully evaluate the physical . R. Van Houten and W.G. Baxter, General Electric Company, 


properties of the Fiberglas construction material for NSD, Cincinnati, Ohio, personal communication, 1969. 
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The Tour of the Portable Cesium 
lrradiator—Part Il 


Supplementary Keywords: food preservation; industry; indus- 
try, food; food evaluation, subjective; seafood; vegetable; grain; 
flower; insect control; fruit; potato and onion; review, popular; 
DID report; mobile; cesium-137; industry, textile; industry, 
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Abstract: During 1968, the Portable Cesium Irradiator toured 
the western United States. The unit irradiated fresh and dried 
fruit, fresh vegetables, rice, potatoes, and other products in 
California, Arizona, and the Pacific Northwest states. The 
irradiator returned to Brookhaven National Laboratory in 
1969 for modifications. The program was suspended because 
of budget restrictions. 


The first article’ in this series described the start of the 
tour of the Portable Cesium Irradiator (PCI). Over 
30,000 Ib of products was irradiated in the period 
covered—Aug. 11 to Nov. 30, 1967. During 1968, the 
PCI toured the western states, was exhibited to the 
public, and demonstrated the effects of radiation to 
commercial food companies (Fig. 1). The unit returned 
to Brookhaven National Laboratory in 1969 for 
overhaul and modifications to bring it into compliance 
with new federal safety transportation regulations. The 
modifications were essentially completed in May 1969, 
but the demonstration program was suspended because 
of the severe budget restriction on the USAEC food- 
irradiation program for FY 1970. The PCI is now 
stored at Brookhaven National Laboratory. This article 
summarizes the last two reports”’? on the program and 
covers the last 6 months of the program through 
contractor reports.* 


RESULTS FROM 1967 DEMONSTRATIONS 


One purpose in demonstrating the PCI to food- 
industry members was to allow them to evaluate for 


themselves the effects of radiation on the specific 
foods in which they are interested. As part of their 
agreement with the AEC for use of the PCI, the 
commercial users were to report their observations. 


Complete Evaluations 


Only one of the companies that used the PCI in 
1967 has completed its evaluation. Caruso-Cerisi, Inc., 
Cincinnati, Ohio, tested irradiation of fresh oranges, 
potatoes, strawberries, and tomatoes. This company is 
a fruit and vegetable wholesaler and normally does not 
hold produce long. 

They reported very satisfactory results with straw- 
berries. Irradiated samples showed 60% less rot than 
controls after 20 days at 56 to 70°F (13 to 21°C). 
Decay of irradiated tomatoes was considerably less 
than that of controls under the same conditions. 
Irradiated oranges and potatoes showed little differ- 
ence from controls over such a short period. Caruso- 
Cerisi believes that irradiation can be a great help in 
keeping strawberries but it offers no great advantage to 
the wholesaler. The benefit would accrue mainly to the 
shipper, especially during shipping delays.’ 


Incomplete Evaluations 


Potatoes were irradiated for three companies dur- 
ing 1967: K. T. Salem Co., Akron, Ohio; Kitty Clover, 
Omaha, Nebr.; and Weaver Potato Chip Co., Lincoln, 
Nebr. The potatoes were placed in large well-labeled 
containers and were stored by each company. They 
were to be evaluated at a later date for sprout 
inhibition and other effects; however, to date, no 
results from these demonstrations have been received. 
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DEMONSTRATIONS DURING 
JAN. 2— MAR. 23, 1968 


During January, holly, salal, huckleberry, fern, 
kamador, and seedlings were irradiated for G. R. Kirk 
Co., Puyallup, Wash. The unit was demonstrated to 
about 2350 students at Centralia Junior College, 
Centralia, Wash. The PCI spent most of February being 
demonstrated to the public. Stops included the Yakima 
Chamber of Commerce, the Washington State Potato 
Conference and Trade Fair in Moses Lake, and Clark 
Junior College in Vancouver, Wash. At Kalama, 45 lb 
of wheat was irradiated for the Pacific Grain Growers 
Association. In March, holly was irradiated for Brown- 
ell Holly Farms, Inc., Milwaukie, Oreg. 

The irradiator malfunctioned twice during this first 
period of operation. On January 9, a shuttle jammed 
during dosimetry runs. The PCI was taken to Hanford 
for repair. In a shielded facility at Hanford, the outer 
door of the irradiator was forced open, and a box was 
found that had fallen off the shuttle tray and was 
obstructing passage of the shuttle. This situation was 
corrected, and the PCI was returned to service. 


On March 6, another maiiwsction occurred. Again, 
the unit was driven to Hanford and placed in a shielded 
facility. A cam roller used to support the shuttle had 
become lodged in the inner door of the irradiator. 
Evidently, the bearings in the roller had seized because 
the radiation had polymerized the lubricant. The 
rollers were replaced with sliding tracks supported in 
the outer chamber, and the PCI resumed its 
demonstrations. 


Complete Evaluations 


RESULTS OF DEMONSTRATIONS 


No evaluations of the irradiations of this first 


period of 1968 have been completed. 


Incomplete Evaluations 


Brownell Holly Farms had holly irradiated to 
evaluate its retention of color, berries, and foliage. 
Three types of packages were used, and three doses of 
radiation were given (Table 1). This company was 


Table 1 Response of Holly to Gamma Radiation 





Holly Days after 


Effect of dose 





Package content, lb _ irradiation 


150 krad 


300 krad 


Control 





Transparent 0.5 7 
ventilated (undipped) 14 
cellophane 
bags 


Printed card- 1 
board boxes (undipped) 


Lost 


Standard 0.5 
fiberboard (dipped)* 
boxes, lined 
with laminated 
polyethylene 
refrigerator 


No change 
Very good 


Saleable, no 


defoliation 
wrap or berry drop 


No change 
Good condition 
and color 


Some moisture, 
better than 
300-krad treated 


No change 
Dehydration, 
but no 
defoliation 
or berry drop 
Same 


No change 

Some leaf 
darkening and 
berry drop 

Leaf discoloration 
and berry drop, 
but distinctly 
better than 
300-krad treated 


No change 
Beginning 
to darken 


Some moisture, 
leaf darkening, 
and berry drop 


No change 
Discoloration 
and spoil 


Same 


No change 

Marked 
defoliation, 
darkened leaves 

Total defoliation, 
black leaves, and 
moldy berries 


No change 

Moist, good 
color, no 
discoloration 
or berry drop 

Moist, saleable, 
good color 
leaves, no 
berry drop 


No change 

Unsaleable, 
but no berry 
or leaf drop 


Same 


No change 
No change 


Good quality, 
but some 
berry drop 





*Standard G@naphthalene acid solution, used to protect against defoliation. 
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satisfied with the result and is interested in further 
testing of cut holly, holly wreaths, and other made-up 
holly items. 

No other incomplete evaluations have been re- 
ported for this period. 


DEMONSTRATIONS DURING 
MAR. 24—JUNE 18, 1968 


At the Oregon State University Seafoods Labora- 
tory, the PCI processed red snapper, salmon, Dunge- 
ness crab, fish pellets, and fish extract. In April the 
unit irradiated 22 samples for Jantzen, Inc., to deter- 
mine whether or not the dye-fast period of certain 
cloth—dye combinations could be extended by irradia- 
tion. Cut boughs of Sitka spruce, Douglas fir, hemlock, 
and grand fir were irradiated for the State Forestry 
Service of Oregon. West Foods, Inc., a producer of 
fresh mushrooms, participated in a shelf-life extension 
and transportation test of mushrooms. The irradiated 
product was shipped from Salem to Seattle under 
normal commercial conditions and then was returned 
to Salem for evaluation. In a disinfestation demonstra- 
tion, Pendleton Grain Growers, Inc., had 50lb of 
weevil-infested whole wheat irradiated. The unit moved 
to Buhl, Idaho, where rainbow trout were irradiated. 
Snake River Trout Co. kept 20 Ib for in-house evalua- 
tion; 40-lb lots were sent to the Oregon State Univers- 
ity Seafoods Laboratory and to the Bureau of Com- 
mercial Fisheries Laboratories in Seattle and in 
Gloucester, Mass. An additional 20 lb was kept by Blue 
Lakes Trout Farms, Inc., for in-house evaluation. Three 
other demonstrations in Buhl involved irradiating 
potatoes for Campbell Soup Company, wheat for 
Colorado Mills, and a sludge of potato wastes for the 
Idaho Health Department. 

In May 1968, the PCI traveled to Baton Rouge, 
La., where weevil-infested corn and sweet potatoes 
were irradiated. At the next stop on the tour, Oak 
Ridge, Tenn., 30 South American industrialists were 
shown the unit, and some screwworm pupae were 
irradiated for the U. S. Department of Agriculture. 

The PCI moved to Red Wing, Minn., in June 1968 
for irradiation of raw cattle hides and some finished 
leather. 

During this period, one major and one minor 
malfunction occurred. At Oak Ridge, the shuttle had 
again failed to retract clear of the inner door. A pin in 
the shuttle drive-shaft pinion had sheared, and the PCI 
was driven to Brookhaven National Laboratory for 
repairs. The minor malfunction, which occurred at Red 
Wing, was repaired in the field. 


RESULTS OF DEMONSTRATIONS 
Complete Evaluations 


Jantzen, Inc., swimsuit and sportswear manufac- 
turer, wanted to know if irradiation could increase the 
lightfastness of nylon cloth dyed with Kiton pure black 
dye, which is the combination that both fades most 
rapidly and is most popular. The tests consisted in 
irradiating predyed nylon cloth, cloth immersed in dye 
solution, powdered dye, nylon cloth padded with dye 
prior to irradiation, and nylon greige goods before 
being dyed and wet with dye. Doses applied were 0.1, 
0.3, 0.5, 1.0, 3.0, 5.0, and 10.0 Mrads. All samples 
were tested for lightfastness and fabric elongation. The 
irradiated and control fabrics differed in neither color 
fastness nor fabric elongation. The Jantzen company 
thinks that a series of tests designed statistically to 
limit the number of variables might show some 
radiation effect. 

The evergreen boughs tested by the State Forestry 
Service of Oregon were cut from Douglas fir, grand fir, 
Sitka spruce, and western hemlock. The purpose of the 
demonstration was to determine if radiation might 
allow the use as Christmas trees of species that are 
unsuitable because of their short needle-retention time. 
Samples were placed in plastic bags and inserted in 
cardboard boxes for irradiation to doses of 100, 300, 
or 500 krads. The samples were removed from the 
package and were hung tip down in a room at 65 to 
70°F. Each morning, the butt end of each sample was 
thumped. Percent needles remaining on sample was 
plotted vs. date thumped. Although some increase in 
needle-retention time was observed for Sitka spruce 
and grand fir, overall test results were inconclusive. 
Further tests with a wider range of doses on boughs cut 
during the normal dormant period wou'd increase the 
significance of the results. 

West Foods, Inc., Salem, Oreg., irradiated fresh 
mushrooms, stored them 1 day at 35°F, packaged 
them, and shipped them to Seattle. They were placed 
in a storecase at 45°F for 2 days and then were 
returned to West Foods for evaluation. The mushrooms 
did not grow or start to open until the fifth day after 
irradiation. Normal shelf life is about 3 days. Irradia- 
tion provided an additional 3 days of shelf life. West 
Foods, Inc., was very satisfied with the process; 
however, since the company handles only a small 
amount of this product, it could not justify the cost of 
a commercial irradiator. 

Snake River Trout Co. completed its evaluation of 
irradiated rainbow trout, and reports were submitted 
through this company by evaluators at the two Bureau 
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of Commercial Fisheries Laboratories and at the 
Oregon State University Seafoods Laboratory. Freshly 
killed and eviscerated trout were washed, sealed in 
polyethylene pouches, and irradiated at 50, 100, or 
200 krads. Trout irradiated at 50 and 200 krads were 
in very good condition 12 days later and were still 
edible 16 days later, even though storage conditions 
were not ideal. Irradiated trout were no better than the 
control trout when storage conditions were excellent. 
The Snake River Trout Co. thinks that irradiation 
could offer advantages in its operation, although these 
tests in themselves were inconclusive. 


Incomplete Evaluations 


Ocean Foods of Astoria, Inc., Astoria, Oreg., 
evaluated red snapper fillets irradiated to 100, 200, or 
300 krads. At 9 days after irradiation, irradiated fish 
were judged poorer in appearance than controls. There 
was no change in irradiated fish 5 days later, but the 
controls were spoiled. A third inspection a week later 
showed more discoloration and odor in the irradiated 
fillets; inspection at 31 days after irradiation showed 
that the irradiated fillets were spoiled. However, three 
cartons of fillets that had been irradiated but not 
inspected up to this time were opened, and the fish 
were found to be edible. Although longer holding time 
might increase sales, the company feels that the high 
cost of irradiation units, the unsteady supply of raw 
products, and the low margin on sales of seafood 
would put the irradiation process beyond their means. 

Bumble Bee Seafoods, Inc., Astoria, Oreg., received 
cut salmon steaks that had been irradiated to 150 and 
250 krads. These were evaluated “several weeks later,” 
at which time the irradiated samples were inferior to 
controls in appearance and flavor. The company is not 
in the cut-portion control phase of the fish business 
and is not interested in further work on fish irradia- 
tion. 

Pendleton Grain Growers Association, Pendleton, 
Oreg., reported that irradiation is obviously very 
effective as an insect control. They estimate that the 
method would be commercially attractive if grain 
could be treated at a rate of 10,000 to 15,000 
bushels/hr and at a cost not greater than 1 cent/bushel. 

No other test results are available from this series 
of demonstrations. 


DEMONSTRATIONS DURING 
JUNE 18—'AUG. 10, 1968 


At Coos Bay, Oreg., shrimp were irradiated for the 
University of Oregon. A small catch caused by bad 


weather conditions resulted in only a small amount of 
product being irradiated. In July, the PCI moved to 
Stockton, Calif. Potatoes were processed for General 
Potato and Onion Distributors, Inc., with doses used 
for both sprout inhibition and growth stimulation. In 
Delano, Calif., more potatoes were irradiated, again at 
dose levels of sprout inhibition and of growth stimula- 
tion. Participants were D. M. Steele and Sons, Inc., and 
Delano-Earlimart Potato Growers, Inc. The unit moved 
on to the California Potato Growers Association in 
Shafter, Calif., where E.H. Meltler and Sons had 
potatoes irradiated at sprout-inhibition doses and The 
Kroger Potato Company had potatoes irradiated at 
growth-stimulation doses. In Perris, Calif., 2500 lb of 
potatoes was given growth-stimulation doses for the 
MSW Produce Company. California Mushroom Farms, 
Inc., Santa Fe Springs, provided 120 lb of mushrooms 
and 30 lb of cover soil for irradiation. 

In August, raisins were irradiated for Sunmaid 
Raisins, Inc., Kingsburg, Calif. The raisins were spiked 
with confused flour beetles, dried fruit beetles, raisin 
moths, drimestid, and merchant beetles. In addition to 
the insect-disinfestation study, bulk raisins and raisin 
paste were irradiated to study the effect on shelf life. 
The Dried Fruit Association of California had figs 
irradiated to study bacteria control and _ insect 
disinfestation. At San Jose, Calif., the PCI irradiated 
750 lb of peaches for California Canners and Growers, 

During this period, one small malfunction of the 
unit occurred at Perris, Calif. It was repaired with little 
difficulty. 


RESULTS OF DEMONSTRATIONS 


Complete Evaluations 


In tests for California Canners and Growers, whole 
peaches were irradiated and then stored under com- 
mercial conditions at either 32 to 35°F or 55 to 65°F. 
Peach slices were irradiated in sealed clear plastic 
pouches; half of the pouches contained the preserva- 
tives sodium benzoate (0.02%) and sodium meta- 
bisulfite (11 ppM). All were stored at 32 to 35°F. 
Peach halves were irradiated and then stored in 1-gal 
jars under a 0.05% solution of sodium benzoate at pH 
2.5. The whole-peach controls stored at the higher 
temperature were entirely rotted in 4 days, but the 
irradiated peaches were only 50% rotted. The results 
were similar for peaches stored at 32 to 35°F; after 
28 days, the controls were totally rotted but the 
irradiated peaches were only 50% rotted. The com- 
pany’s representative believes that the softening of the 
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irradiated fruit is an advantage. The irradiated sliced 
peaches kept well but did not differ from the controls. 
Refrigeration failed after 46 days, and this experiment 
was terminated. Irradiation was ineffective as an aid in 
the preprocessing of peach halves. California Canners 
and Growers found irradiation effective as a rot-control 
method for fresh peaches. The company suggested that 
the process might most likely be used on chill-packed 
items. 


Incomplete Evaluations 


The only reply from the participants at the Coos 
Bay, Oreg., stop came from Eureka Fisheries, which 
had received 18 lb of shrimp in 1-lb cans, irradiated at 
doses of 50, 100, or 200 krads. The company reported 
that the product was excellent. No storage data were 
given. They believe that, because of the limited 
available supply of the product, a change to the 
radiation method is not warranted at this time. 

No other evaluations have been reported from the 
demonstrations conducted during this period. 


DEMONSTRATIONS DURING 
AUG. 11—OCT. 12, 1968 


Dried fruits—apricots, peaches, and prunes—were 
irradiated for the Mayfair Packing Company, San Jose, 
Calif. Three other companies provided products to be 
irradiated in San Jose. The Synsweet Packing Company 
irradiated fresh and dried prunes; the dried prunes were 
inoculated with bacteria. Mushrooms were irradiated 
for Stoller Research, as were some spawn substrates. 
Mixed dried fruits were irradiated for California Pack- 
ing Corporation. The PCI moved to Fullerton, Calif., 
where orange juice in pints and quarts was treated for 
the Vim Corporation. In September, the unit was set 
up at the California Rice Growers Association, Sacra- 
mento, where rice and associated products were irra- 
diated for growth stimulation, pasteurization, or steril- 
ization. The first part of October was spent exhibiting 
the PCI to the public at various locations in Arizona. 


RESULTS OF DEMONSTRATIONS 
Complete Evaluations 


No complete evaluations resulted from this series 
of demonstrations. 


Incomplete Evaluations 


All the dried fruits irradiated for Mayfair Packing 
Company were placed in accelerated storage. At the 


end of 1 week, both irradiated and control samples had 
an abundant growth of microorganisms. These results 
indicate that irradiation did not prevent microbial 
spoilage. 

The primary objective in irradiating rice and rice 
bran was to evaluate radiation for extending the 
keeping quality of the products. Both grains were 
stored at 90 or 120°F for 4 weeks after irradiation. 
Green rice gave good results under adverse storage 
conditions—low moisture content and high storage 
temperature. Irradiation of bran did not affect the 
properties tested. Rice hulls, parboiled rice, and seed 
rice were also processed. The California Rice Growers 
Association has made no comment on the preliminary 
results, but radiation does not appear to have provided 
an advantage. 

No other evaluations have been received, and of 
course none were expected from the public 
demonstrations. 


DEMONSTRATIONS DURING 
OCT. 13—DEC. 19, 1968 


Dates were irradiated for Palmer Date and Citrus 
Garden, Mesa, Ariz., and cucumbers were irradiated for 
S. Klein Pickle Company, Inc., Phoenix, Ariz. In 
Tucson, chopped beef and precut potatoes were 
irradiated for a researcher at the University of Arizona. 
The rest of October was spent at public exhibitions. 

In November, the PCI was displayed at the Arizona 
State Fair and at the National Potato Conference in 
Bakersfield, Calif. At Yuma, Ariz., both Rancho del 
Sol and Arizona Growers irradiated fruits to reduce 
decay and spoilage. The fruits included waxed and 
unwaxed grapefruit, lemons, navel oranges, and Hamlin 
oranges. At Arizona Western College, researchers irra- 
diated Hamlin oranges, lemon seeds, citrus leaves, and 
picker’s clothing infested with thrips and spider mites. 
Dates were irradiated for Berryman Farms, Bard, Calif, 
for shelf-life extension studies. 

In December, the PCI was set up at Nogales, Ariz., 
where eggplant was irradiated for Florida Vegetable 
Distributors, bell peppers were irradiated for Kitty’s 
Produce Company, and tomatoes were irradiated for 
Tricar Sales, Inc. The unit was also demonstrated to 
the public at Nogales. The PCI then moved to 
Aberdeen, Idaho, where 35,000 lb of potatoes was 
irradiated at sprout inhibition doses for the U.S. 
Army. 

The second major malfunction of the year occurred 
at Aberdeen. As the shuttle moved in and out, it could 
be heard scraping the source guard; the shuttle was 
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sagging because of the extreme wear on the bearings of 
the shuttle slide. Further irradiations were deemed 
unwise. Since the unit was scheduled for a major 
overhaul after a successful 1.5-year operation, it was 
driven to Brookhaven National Laboratory. 


RESULTS OF DEMONSTRATIONS 


No results—incomplete or otherwise—of the 
demonstrations held during the last part of 1968 have 
been submitted. 


OPERATIONS IN 1969 


On January 4, after a long trip delayed by weather 
conditions and holiday restrictions, the PCI arrived at 
Brookhaven National Laboratory. The scheduled 
modifications included replacement of the dual-axle 
35-ft trailer with a triple-axle 40-ft trailer weighing 
three times as much as the original trailer, installation 
of a steelplate puncture shield and a crash frame, and 
improvements in the shuttle, door-drive systems, actu- 
ators, and controls. These changes were required to 
bring the irradiator into compliance with Title 10, 
Part 71 of the Code of Federal Regulations. 


By April, the irradiator itself was reassembled and 
working. The new trailer was delivered; all modifica- 
tions were completed, and work was finished by May. 
The PCI was ready for another tour demonstration. 
Unfortunately, this program had to be suspended as 
part of the budget cut in the USAEC’s food-irradiation 
program. The PCI is now stored at Brookhaven 
National Laboratory. (FEM) 
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Preservation of Uncooked Fish Muscle 
by Cryogenic Radiosterilization* 


By J. M. Mendelsohn,t F. J. King,t and R. W. Cushmant 


Abstract: Uncooked cod fillets and clam meats were shown to 
retain their organoleptic acceptability after being irradiated at 
4.5 Mrads and at a temperature of ~60°C or -190°C. 


Many laboratories in the United States and abroad have 
studied the possible use of ionizing radiation as a new 
method of preserving food, and many researchers have 
used radiopasteurization successfully to extend the 





*Assistance and support for this work was received from 
the U.S. Army Natick Laboratories and the U.S. Atomic 
Energy Commission. 

+Bureau of Commercial Fisheries Technological Labora- 
tory, Gloucester, Mass. 

tNortheastern Radiological Health Laboratory, U. S. 
Public Health Service, Winchester, Mass. 


shelf life of uncooked seafoods.’ In this application 
the levels of radiation used are so low that very little or 
no radiation-induced changes are detected regardless of 
the temperature of the product during irradiation. The 
shelf life of radiopasteurized fish products is about 
double that of nonirradiated fish, but the effectiveness 
of radiation tends to become less significant at higher 
temperatures of storage.” 

Radiosterilization, which effects “commercial” 
sterility, would be expected to extend the shelf life 
significantly at all storage temperatures, except where 
autolysis is a factor. Development of radiosterilized 
products has been stimulated by U. S. military require- 
ments for food items that must be organoleptically 
acceptable and withstand storage for several months at 
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ambient temperatures. As a result of this develop- 
mental work, several proteinaceous or meaty foods can 
now be preserved successfully if (1) the food product is 
held frozen during irradiation and (2) the enzymes in 
the food are inactivated before or after the 
irradiation.? * 


Cryogenic treatment during irradiation retards the 
formation of radiation-induced off-odors and off- 
flavors, and an enzymatic inactivation treatment by 
heat inhibits autolytic degradation of the product 
during storage. The heat-treatments needed to inacti- 
vate enzymes result though in partial or complete 
cooking of the product. Therefore acceptable radio- 
sterilized products have so far been limited to cooked 
or partially cooked items, and precooking puts a 
limitation on the kinds of dishes which can be prepared 
subsequently from the irradiated product. Seafoods 
that have been successfully radiosterilized are cooked 
shrimp and codfish cakes? and prefried cod and halibut 
patties.° 


Radiosterilization of raw seafood should permit an 
extension of storage life in comparison with other 
treatments, even though the inability to inactivate 
enzymes without a heat-treatment does limit their 
storage life. However, sterilization of raw, unfrozen 


seafoods has an adverse effect on their organoleptic 
acceptability. 


The object of this investigation, therefore, was to 
determine if a cryogenic technique could produce 
organoleptically acceptable, radiosterilized, raw fish 
products. Fresh cod fillets (representing finfish) and 


clam meats (representing shellfish) were selected for 
this study. 


SAMPLE PREPARATION 


Fresh cod (Gadus morhua) fillets and soft-shell 
clam (Mya arenaria) meats were obtained from local 
commercial sources. These were kept at 0 to 2°C for 
not more than 2 days before being packaged in No. 2 
C-enamel cans under a vacuum of 27 in. Hg. They were 
brought to a temperature of —60°C or —190°C and 
held at these temperatures while they were irradiated 
at 4.5 Mrads with a ®°°Co source at the U. S. Army 
Natick Laboratories, Natick, Mass. Then the samples 
were placed in a room held at 0 to 2°C until the 
organoleptic evaluations, Both the cod and the clam 
samples were deep-fat fried for organoleptic evaluation 
according to the procedure of Connors and Stein- 
berg®*? and judged on a 9-point scale.3 


DISCUSSION 


The results (Table 1) indicate that uncooked cod 
fillets and clam meats are organoleptically acceptable 
when radiosterilized at cryogenic temperatures. A score 
of 6 or above on this 9-point scale is considered 
acceptable.? There was a nonsignificant difference in 


Table 1 Quality Scores* of Vacuum-Packed 
Cod Fillets and Clam Meats Irradiated 
at 4.5 Mrads While Being Held at —60°C+ 





Days held uncooked 
at 0 to 2°C 
after irradiation 


Cod fillets, 
deep-fat fried + 


Clam meats, 
deep-fat fried § 





0 
9 
20 
30 





*Based on the 9-point scale described in Ref. 3. 
+Quality scores of samples irradiated at —190°C were not 
significantly different. 


tNonirradiated, unfrozen, fresh cod samples received a 
score of 6.9. 


§Nonirradiated, unfrozen, fresh clam samples received a 
score of 6.7. 


these scores due to storage of these samples. Because 
the spoilage of fresh raw products is governed by the 
activity of microorganisms and because radiosterilizing 
doses effect “commercial” sterility, the shelf life of 
radiosterilized samples will undoubtedly be longer than 
that of radiopasteurized samples. This extension of 
product shelf life is also safe from the hazards of 
microbial pathogens, including Clostridium botulinum. 
Thus future work appears justifiable to determine the 
optimum cryogenic radiosterilization treatment for 
preservation of these uncooked products, the maxi- 
mum shelf life of the products, and the economic 
feasibility of the process. (FEM) 
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Abstract: The literature (53 references) on radiation grafting 
of cellulose fibers is reviewed. 


Most textiles go through one or more finishing pro- 
cesses that modify their bulk or surface properties— 
e.g., crease recovery, shrink resistance, flammability, 
dyeability, stain and soil release, and static dissipa- 
tion.'*? Such property modifications may also be 
effected by high-energy ionizing radiation, either 
through cross-linking or degradation of the polymer 
chains that make up the textile fiber or through graft 
copolymerization of various monomers to these chains. 
Graft copolymerization is by far the most important 
and versatile of the radiation techniques used with 
textiles and is the main consideration of this review. 

Two very comprehensive reviews have appeared 
recently on radiation modification of textiles.*’* This 
paper, therefore, considers mainly two areas that have 
had the greatest recent impact on commercial applica- 
tion of radiation in textiles: crease recovery (or 
permanent press) and surface modification of wetting 
properties such as soil and stain release, with particular 
regard to cellulosic materials. 


RADIATION SOURCES 


Radiation doses needed for grafting reactions are 
usually in the range 0.5 to 5 Mrads. Typical line speeds 
in a textile finishing plant are up to 300 ft/min, and 
thus, for a fabric to be continuously treated, the dose 
must be 50 to 500 Mrads/min since the total length 
along the moving fabric that is exposed to the radiation 


field is equivalent to 3 ft (achieved by festooning the 
fabric). Such dose rates are clearly many orders of 
magnitude above the range of radioactive sources— 
e.g., ©°Co which provides 10° to 10? Mrad/min— 
and are within and just above the 10° to 10? 
Mrads/min provided by currently available electron 
accelerators, although machines that provide higher 
dose rates are under development.* Since a textile 
fabric is thin, it lends itself readily to processing by an 
electron beam. However, a batch process in which 
whole bolts of cloth are irradiated by a °°Co source 
either before, during, or after exposure to monomer is 
conceivable. Various possible radiation-induced pro- 
cesses are shown in Fig. 1. 

The only publicly announced commercial applica- 
tion of radiation processing in the textile industry uses 
electron accelerators.° The final decision as to whether 
or not to use radiation in a production process clearly 
rests on economic considerations. Cost estimates’ for 
continuous electron processing of textiles range be- 
tween 0.01 and 1 cent per running yard, depending on 
line speeds, dose, operating schedules, depreciation 
rates, etc. 


KINETIC CONSIDERATIONS 


In an organic fiber the polymer matrix is usually 
highly crystalline, and the crystallites may be highly 





*Associate Professor of Chemical Engineering, Massachu- 
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modification of one presented at the International Atomic 
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Sources and Accelerators in Industrial Processing, Munich, 
Aug. 18-22, 1969. 
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Fig. 1 Processes for radiation modification of textiles. 
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distorted due to orientation of the fiber. This leads to 
small, narrow amorphous regions. Free radicals formed 
within the crystals must somehow diffuse to the edges 
or surfaces of the crystal lattice where they can react. 
Grafting reactions are restricted to amorphous regions 
or to defects in the crystalline structure, and therefore 
the mobility of a growing grafted chain will be 
especially low, leading to significant decrease in the 
mutual termination rate constant, k, (“gel” effect).® 
Some chains may never terminate, being occluded or 
buried within the polymer structure, which may cause 
continued reaction after irradiation, a “posteffect.” 

Monomer molecules are much more mobile than 
polymer radicals or growing grafted chains, and there- 
fore the rate of grafting in any small-volume element 
within the polymer will depend on the local monomer 
concentration, (M). This generally leads to control of 
monomer diffusion, and the local monomer diffusion 
coefficient, D, will be important. Due to the restricted 
reaction conditions, the propagation rate constant, kp, 
may also be decreased below that expected for a 
homogeneous polymerization in solution or in bulk, 
especially at low degrees of swelling of the polymer 
substrate. 

It is usually desirable that the polymer free radicals 
react as rapidly and efficiently as possible. This occurs 
if the availability of the macroradicals and the rate of 
monomer diffusion within the polymer matrix are both 


increased, for example, by adding substances that swell 
the polymer substrate; retard growing chain termina- 
tion even further by causing coiling or precipitation of 
the grafted chains; and/or copolymerize with the 
original monomer with an exceptionally high cross- 
propagation rate. The net effect of most of these 
changes is to increase the grafting rate at first, but 
eventually to cause a decrease in the grafting rate due 
to competing effects. Table 1 summarizes these effects. 
One may also increase the temperature so that the 
monomer diffusion rate and kK, increase. However, as 
the mobility of the growing chains and the availability 
of the polymer radicals both increase, the rate of 
termination may increase faster than the propagation 
rate and the overall grafting rate may actually de- 
crease.'®’!” The initiation step should be temperature 
independent. 

Similar considerations apply to preirradiation tech- 
niques except that in this case the G value for radical 
formation depends only on the composition of the 
polymeric substrate and not on the monomer solution 
imbibed later. In addition, this technique does not tend 
to form homopolymer, as does the mutual irradiation 
technique. 

It should also be recognized that, in both mutual 
and preirradiation, the amount of graft (or homopoly- 
mer) deposited will vary across the cross section of the 
fiber,'® generally decreasing from the surface inward 


Table 1 General Kinetic Effects of Additives in Grafting Monomers to Polymer Substrates 





Additive Additive Anticipated 

miscible miscible Additive major 
with with graft swells kinetic 

monomer polymer substrate effects 


Overall 
result 


expected Examples 





Substance X 


D, kz, kp increase; (M) in- 
creases, then decreases 

D and possibly kp increase; ky 
decreases; (M) increases, 
then decreases; G (radical) 
changes 


Maximum grafting 
with X 

Maximum grafting 
with X 


N-methylolacrylamide + water 
in cellulosic 

Styrene + alcohols in 
cellulosic? 


Substances X¥ and Y (Comonomer) Added 


Kp for cross propagation in- 
creases; (M), ky, D, and G 
(radical) may also change 

(M) and k, decrease; G(radical) 
may change 


Maximum grafting 
with X 


Styrene + acrylonitrile 
(+ water) in rayon! 


Maximum grafting 
or continual 
decrease 

Maximum grafting 
with X 


Ethyl] acrylate + water 
in wool or cellulosic; 
styrene + water in cellulosic! * 

Styrene + methanol in poly- 
ethylene! . 


11-13 


(M) and k; decrease; G(radical) 
changes 
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at a rate that depends on the relative rates of monomer 
diffusion and polymerization. The time of contact of a 
particular monomer solution with the fabric may 
determine the depth of penetration of the graft. 
Multiple steps involving contact of fiber with monomer 
followed by irradiation can significantly increase the 
total extent of grafting above that possible with a 
one-contact step, for any one total dose, especially for 
high-dose-rate electron irradiation. It is also possible to 
confine the graft to the core of the fiber by inhibiting 
surface reactions. 


The graft copolymers are often distributed within a 
polymer substrate as a few long chains rather than as 
many short chains, reflecting the retardation of termi- 
nation reactions within the narrow amorphous 
regions.'? 7" (Wool is an exception among the textile 
fibers, due presumably to the high concentration of 
—SH chain transfer sites on the wool backbone.' ') It is 
also possible to chemically prereact a radiation- 
sensitive monomer to bond it to a fiber polymer 
backbone and later to irradiate. This will produce a 
completely different “molecular weight distribution” 
since the “graft” copolymer is now cross-linked to the 
substrate at many points along the grafted chain. 


TEXTILE MODIFICATION 
WITH RADIATION 


Permanent Press 


The term “permanent press” signifies that a fabric 
may be subjected to many wash cycles and retain its 
smooth, wrinkle-free appearance without any ironing. 
It is quantitatively evaluated by two tests: (1) the 
crease recovery angle, both wet (WCRA) and dry 
(DCRA), which measures the degree of recovery of a 
fabric sample when it is folded or creased; and (2) the 
appearance rating, which estimates the smoothness of a 
fabric specimen when viewed on a flat surface with a 
light at a fixed angle to the surface. Values of 300° or 
above for CRA and appearance ratings of 4 to 5 
generally indicate acceptable permanent-press prop- 
erties in a textile. 


Fabrics made of 100% synthetics (e.g., polyester, 
nylon, or acrylic) usually do not require ironing when 
once pressed into shape. However, these textiles are 
not commonly used due to comfort problems. Certain 
fibers—cotton, rayon, silk, and wool—all tend to 
wrinkle when worn. Washing or dry cleaning not only 
does not remove the wrinkles but may add new 
wrinkles. It is generally necessary to cross-link the 


polymer chains in these fibers* in order to ensure 
wrinkle-free performance. Cotton is commonly cross- 
linked by reaction with formaldehyde or formalde- 
hyde-containing chemicals via reaction with the cellu- 
lose OH groups. The basis of the most widespread 
process used to accomplish this today (e.g., the 
Koratron process) is the reaction 


O 
iW 
Cc 


7 
Cellulose-OH + tae 


N—CH, OH + HO-cellulose 
CH-—— CH 


/ \ 


OH OH 


Dihydroxydimethylol - 
ethyleneurea (DHDMEU) 
(e.g., ““Permafresh”’ 
of Sun Chemical Co.) 


— 3 min, 160°C 
Zn(NO,), - 6H,0 a 


cellulose - cellulose 








+ 2n(H,0) 


where n is probably?” in the range of only 1 to 3. 
After sufficient cross-linking to yield satisfactory 
permanent-press appearance ratings, the cotton fabric 
has become weak and exhibits very poor tear strength, 
abrasion resistance, and wear resistance. It is therefore 
reinforced with a synthetic fiber, such as polyester; 
commercial blends contain between 50 and 65% 
polyester. 


Radiation Processing. Obviously, a molecule which 
contains both -CR=CH, and >NCH, OH groups could 
be used to cross-link cotton by a process combining 
radiation and thermal-catalytic steps. One could 
synthesize such compounds, for example, by reacting 





*See also P. Roches, Textile Polymers: Effects and 
Application of Nuclear Radiation, Jsotopes and Radiation 
Technology, 6(4): 404-409 (Summer 1969). 
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one of the >NCH,OH groups on DHDMEU with a 
vinyl monomer containing a reactive side group such as 
an OH group. One such compound is already available 
commercially: N-methylolacrylamide (NMA) (e.g., 
“Radiac” of American Cyanamid Co.), CH,=CH— 
CONH-—CH, OH. 

The use of NMA to cross-link cotton has been 
studied by Gardon?? using base-catalyzed Michael 
addition of the vinyl group to the cellulose OH, which 
may be preceded or followed by acid-catalyzed con- 
densation of the methylol group with other cellulose 
OH groups. Hobart?* has also studied this technique. 
Gardon?* has patented the combined process of 
free-radical catalytically initiated polymerization of 
NMA (or copolymerization with other monomers) 
along with acid-catalyzed condensation of the methylol 
groups with cellulose OH groups—all within the 
cellulose substrate—to yield a crease-proof cellulosic 
fabric. 

Four radiation-chemical processes that may be used 
to cross-link the cellulose chains in a textile are 


Process A, Delayed Heat Cure with Mutual Irradiation 
1. Pad with NMA plus acid catalysts; dry. 
2. Irradiate. 
3. Make garment; press. 
4. Heat to cure. 


Process B, Delayed Radiation Cure with Mutual Irradiation 
1. Pad with NMA plus acid catalysts plus free-radical 
polymerization inhibitor; dry. 
2. Heat to condense; wash; dry. 
3. Make garment; press. 
4. Irradiate to cure. 


Process C, Delayed Heat Cure with Preirradiation 
1. Preirradiate fabric in air. 
2. Pad with NMA plus acid catalysts; dry. 
3. Make garment; press. 
4. Heat to cure. 
Process D, Delayed-Heat-Plus-Radiation Cure with Preirradia- 
tion 
1. Make garment; press. 
2. Preirradiate garment in air. 
3. Pad with NMA plus acid catalysts; dry. 
4. Heat to cure; wash; dry. 


These processes should all produce a cross-linked 
cotton, although they will probably yield textiles 
having some physical properties different from each 
other and also different from those resulting from the 
conventional chemical process. 

Deering Milliken & Co. is using a continuous 
delayed-heat-cure process (similar to A) and is reported 
to have five ICT-500 electron accelerators of High 
Voltage Engineering Corp.?® and to be processing 
millions of yards of textiles per year.” 7 


No reports on this process have appeared in the 
technical literature, although some patents have been 
issued;?®~3° speculations on process details have also 
appeared in the nontechnical literature.?®’?! Cone 
Mills Corp. is developing a delayed-radiation-cure pro- 
cess (similar to B) based on the work of Walsh and 
Rutherford of North Carolina State University.*?°** 
Processes similar to C and D are not being used, to the 
author’s knowledge; the last is no doubt impractical 
due to the undesirability of washing and drying a 
finished garment. Thus the two mutual irradiation 
processes are being used, and the key kinetic factors (as 
discussed above) will be related to the swelling condi- 
tions in the cellulose substrate during the NMA pad 
step and then subsequently during curing or irradia- 
tion, whichever comes first. 


Two Belgian patents?®:?° assigned to Deering 
Milliken Research Corp. describe the preferred use of 
NMA or di-NMA to cross-link cellulosics, and both 
delayed-heat-cure and delayed-radiation-cure processes 
are mentioned. Preferred doses are 1 to 4 Mrads, 
resulting in 4 to 9% pickup of the grafted NMA. It is 
stated that the cellulosic fabric should be irradiated in 
a moisture-swollen condition, e.g., in a controlled 
humidity environment, in order to achieve good 
wet-crease recovery. 


In U. S. Patent 3,377,249, issued to Marco and 
assigned to Deering Milliken Research Corp.,°° a 
process is claimed in which a polyester—cellulose 
blended fabric is padded with three key ingredients 
(together, or in separate steps): (1) NMA, (2) an acid 
catalyst, and (3) a synthetic acidic emulsion polymer. 
The fabric containing NMA (+ the other ingredients) is 
irradiated to polymerize the NMA and then the textile 
material containing the radiation-polymerized NMA, 
the acid catalyst, and the acidic emulsion polymer is 
oven-heated to effect the cross-linking between the 
methylol groups and the cellulose OH groups. 

The emulsion polymer presumably forms a hydro- 
philic coating on the cellulose and polyester fiber 
surfaces and thereby confers soil-release properties to 
the fabric. It is preferably a copolymer of various 
monomers which contains at least 20% acrylic acid. It 
may also incorporate acrylic monomers with pendant 
—OH, -—CONH,, —CONHCH,OH, or —CH-CH, 

O 
groups, all of which may be capable of reacting with 
the methylol groups of the radiation-polymerized NMA 
during the final acid-catalyzed heat-cure step. This is 
stated to yield a more durable soil-release coating on 
the fabric, which is unexpected. The NMA polymer is 
probably deposited only on and within the cellulosic 
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fiber and should thus be able to react with the acrylic 
emulsion coating only on this fiber; yet, the most 
troublesome stains and soils are presumably located on 
and between the polyester fibers,?° although there is 
still some controversy in the literature over this 
question.**-3° It should be noted that the process 
claimed in this patent does not require the use of 
radiation to confer soil- and stain-release properties to 
the treated cotton—polyester fabric. 

The Walsh—Rutherford delayed-radiation-cure pro- 
cess has been described in both the technical and 
patent literature.**’** The WCRA’s and DCRA’s 
increase with increasing add-on of NMA, but only a 
relatively minor improvement is noted in the absence 
of radiation. The CRA’s increase with increasing dose, 
and at 8 Mrads the WCRA’s level out at about 310 to 
320° while the DCRA’s continue to increase above 
320° (Fig. 2); these angles correspond to about 12% 
add-on of NMA. The Walsh patent states that a 2-Mrad 
dose yields “satisfactory” results. Increase in humidity 
during irradiation increases the WCRA, as expected.’ 





IRRADIATED | 


° 





DRY CREASE RECOVERY ANGLE, deg 











4 
NMA ADD-ON, wt. % 


Fig. 2 Variation of dry crease recovery angle (warp plus fill) 
with NMA add-on for different doses, using an electron 
accelerator in a delayed radiation—mutual irradiation 
process.°” 


No significant difference in these results was noted 
for electron irradiation vs. °°Co gamma irradiation.*? 
However, the machine irradiation was stated to be the 
key to the feasibility of the process, since it can cure a 
pair of pants in 2 to 5 sec, roughly 8000 times as fast 
as the °°Co source. New accelerator developments will 
shorten this time even further.® 

Special advantages for this process are the lack of 
necessity to heat the garment in the final curing step, 
which leads to a more uniformly cured garment with 
less fading of dyes, and the removal of unreacted or 
incompletely reacted chemicals during the wash step, 
which can yield a fabric less likely to irritate either the 
garment worker or the wearer. Widespread application 
of this process could require conveniently located 
irradiation facilities for garment manufacturers. A 
possible disadvantage to any process using NMA (i.e., 
both delayed-heat or -radiation cure, process A or B) 
could be the reactivity of the N-hydrogen with chlorine 
bleaches, leading to fabric yellowing.''? Radiation 
effects on the physical properties of cotton due to 
chain scission are relatively small and do not appear to 
result in any greater drop in tensile, tear, or abrasion 
strength than does a permanent-press process that does 
not use radiation. 

Other work has been published on the improve- 
ment of crease recovery in textiles by radiation 
grafting. Walsh and coworkers investigated other 
cross-linking agents for cellulosics, such as acrylic acid 
and glycidyl acrylate***?7 and allyl acrylate,?7 but 
none has appeared as promising as NMA. 

DasGupta observed increased CRA’s for cotton 
mutually grafted with styrene®*® or styrene—methyl 
methacrylate mixtures®® using ©°Co radiation. This is 
in contrast with recent work of Walsh, Siahkolah, and 
Rutherford,*® who radiation-polymerized a variety of 
monomers on and within a cotton fabric. They 
concluded that the greater the elasticity of the depos- 
ited polymer, the greater the improvement in CRA. 
Thus both low glass transition temperature (7) and 
cross-linking or chain entanglements are deemed to be 
desirable for good crease recovery; glassy polymers 
improve CRA only if tested above their Tg and if the 
chains are cross-linked or highly entangled. Abrasion 
resistance of the cotton was improved most when the 
rubbery polymer was surface-deposited only. Earlier 
work of Prahl and coworkers*! also showed that only 
the most flexible polymers (e.g., ethyl acrylate and 
n-butyl acrylate), which had been deposited in cotton, 
could improve crease recovery significantly before 
permanent-press treatment. In this case the polymers 
were catalytically polymerized within the cotton, and 
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this was followed by permanent-press treatment; the 
object was to improve the abrasion resistance of the 
final fabric. 

Arthur and coworkers*?’*? have made significant 
contributions to the understanding of radiation effects 
on cotton. They irradiated bolts of cotton with ®°Co, 
using either a mutual or preirradiation technique, and 
polymerized a wide variety of monomers within the 
cotton. Electron micrographs showed the polymers 
deposited across the cotton cross section in layers, the 
extent of layering being related to the molecular 
weight of the polymer.** The abrasion resistance of 
these fabrics was measured to screen potential candi- 
dates for improving wear resistance of the cotton after 
permanent-press treatment. 

Increased wet crease recovery was noted by Magat 
and coworkers** in nylon fabrics grafted with mono- 
mers containing carboxylic acid—e.g., acrylic or ma- 
leic acid—converted to the Na’ form. This did not 
occur when the grafted chains were in the Ca** form, 
and they concluded that the mutual repulsion of the 
—CO, groups along the backbone caused these chains 
to stiffen, yielding high WCRA’s. 


Other Bulk Effects 


Williams and Stannett'? reported recently that, 


when wool was preirradiated with °°Co and immersed 
in an aqueous emulsion of ethyl acrylate, the grafting 
continued to increase with time, up to almost 7000%. 
Above about 300%, the rate of grafting increased 
sharply, and the character of the fiber changed from 
wool-like to highly elastic, with excellent recovery 
properties. They speculated that, since water is immis- 
cible with ethyl acrylate, it remains at unit activity at 
all times and is therefore a most effective swelling 
agent. Water may also cause a precipitation of the 
growing chains, leading to a significant gel effect. 
Cotton showed the same behavior, and Stannett 
suggested that in such highly grafted fibers there must 
be a considerable disruption of the ordered crystalline 
structure inside the fiber, with the resultant fiber being 
held together inside by the highly elastic poly(ethyl 
acrylate) and outside by the surface skin of the original 
fiber. 

Various Japanese laboratories have been very active 
in radiation modification of textiles. Danno of the 
Japan Atomic Energy Institute reported** that newly 
initiated pilot studies on acrylonitrile—poly(viny] chlo- 
ride) fiber graft copolymers (for improved heat resis- 
tance) were in an “advanced stage.” He also noted, 
however, that a 5-year pilot-plant study of styrene— 


cellulosic fiber grafts (for improved heat settability, 
dyeability, and hygroscopicity) was terminated in 
March 1969 for economic reasons. 


PRINCIPLES OF TEXTILE FINISHING 


Most textile fibers and fabrics are temporarily or 
permanently treated to make the fiber surfaces either 
more hydrophilic (higher surface energy) or more 
hydrophobic and/or oleophobic (lower surface energy). 
The changes in wetting characteristics resulting from 
such treatments will cause 

1. Oily stain spreading and adsorption and release 
in detergent solutions. 

2. Soil deposition, release, and redeposition in 
detergent solutions. 

3. Static electricity buildup and dissipation. 

4. Water repellancy. 

5. Moisture transport and comfort. 

6. Wettability and adhesion. 

7. Wettability, chemical reactivity, and dyeability. 


Many textile fibers have rough and/or chemically 
heterogeneous surfaces containing “islands” of depos- 
ited chemicals and resins left by the various finishing 
treatments, or simply dirty or oily areas. In addition, 
depending on the yarns and the weave, a fabric may 
contain crevices with capillary dimensions exhibiting a 
wide variety of shapes and sizes. Soil particles and oily 
stains entrapped in such regions may exclude water 
during the contact times normal for washing cycles. 
Thus the surface phenomenons listed above may in 
some cases be dominated by dynamic rather than 
equilibrium considerations or by roughness or chemical 
heterogeneities on the surface. 

Assuming that the intrinsic surface energy of the 
textile fiber is the most important factor to consider 
and that the surface of a textile fiber may be 
approximated as a plane, then surface free-energy 
equations may be. formulated for the important 
liquid—solid wetting processes associated with these 
phenomenons. If we let y be the surface tension or 
surface free energy per unit area and A, F, W, and O 
represent air, fiber, water, and oil, respectively, then 
wetting of “clean” fiber by water occurs if 


YF/A—YF/w-Yw/a > O 


Wetting of clean fiber by oil or any low-surface-energy 
liquid occurs if 


YF/A—YF/O—Yo/A > O 
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Dewetting of oil from fiber when immersed in water 
occurs if (approximately) 


YF/o—-YF/w >O 


If the untreated fiber surface is both hydrophobic 
and oleophilic, then 


YF/W > YF/A > YF/O 


which favors wetting of the fiber surface by an oil 
(staining) and retarding dewetting of the oil under 
water (stain release). Soiling or solid-particle adsorp- 
tion may occur during use due to staining or to static 
charge buildup and would also therefore tend to 
redeposit during washing. Water wettability, moisture 
regain, and chemical reactivity will be low. 

If the fiber is treated so that its surface becomes 
more hydrophilic, then yz,4 (especially) and yg /0 
will increase while yz ,w will decrease significantly. 
These changes will favor wetting of the surface by 
water, moisture regain, and stain release during wash- 
ing. Surface dyeing will be enhanced, and, if ionized 
monomers are grafted, the fiber will be very sensitive 
to the charge on the molecules (e.g., dyes, stains) or 
particles (e.g., soil) to which the surface is exposed. 
Since soil particles are generally negatively charged, if 
monomers having negative groups (e.g., —CO, or 
—SO3) are grafted, the soil should be repelled both in 
use and in the washing machine. A typical soil- and 
stain-release treatment involves padding the textile in a 
polymer emulsion (e.g., acrylic) followed by heating to 
form a tough, cross-linked film or coating with a 
hydrophilic character on the fiber surface. 

Textiles may also be treated to render their 
surfaces more hydrophobic and oleophobic, e.g., by 
use of fluorinated or silicone-type compounds. Then 
staining will be retarded since most liquids are “re- 
pelled” from the surface, although soiling could be 
enhanced if static charges build up. If stains or soil 
particles are adsorbed on such treated textiles, they 
would be difficult to release during washing. 

Ideally, the textile should repel both soil and stains 
and also release these substances during laundering if 
they happen to have been adsorbed on the fabric 
during use. This requires an incompatible combination 
of surface energies. However, it is possible to achieve 
both low yr,;,4 and low yz,w by treating the textile 
with a compound containing hydrophilic segments 
(e.g., polyethylene oxide) and oleophobic segments 
(e.g., fluorinated hydrocarbon) on the same mole- 
cule.*® In air the hydrophilic segment would be coiled 


up, exposing the low-energy oleophobic segments, 
which would repel stains, while in water the opposite 
should occur, releasing stains. 


Radiation Modification of 
Surface Properties 


It is easy to envisage as a textile-finishing operation 
the radiation grafting of hydrophilic, oleophilic, or 
oleophobic monomers within the surface regions of a 
fiber microstructure, resulting in changes in the fiber 
surface properties. There should be good wash-fastness 
of such a finish due to the possibility of chemical 
bonding to the substrate. It is beyond the scope of this 
review to cover extensive literature on radiation treat- 
ments of textiles to alter their surface properties, and 
the reader is referred to two recent reviews.*** Instead, 
a brief summary of three systems for grafting of 
hydrophilic monomers on the surfaces of electron- 
preirradiated nylon and polyester substrates being 
investigated by the author will be presented: 


System I: 
Acrylic acid (AAc) (CH2=CHCO2H) 
N-methylolacrylamide (NMA) (CH2=CHCONHCH,0OH) 
Polyethyleneglycol (PEG) [HO(CH2CH20),H] 
Sodium styrene sulfonate (SSNa) (CH2=CH- <> —SO3 
Na) 
Water (H20) 
Dimethy] sulfoxide (DMSO) (CH3SOCH3) 
System IT: 
2-Hy drox y-3-methacryloyl-oxypropyltrimethylammonium 
chloride (GMAC) CH,=C(CH3)CO,CH,CHOHCH,N(CH3)5 
Cl) 
Dimethylformamide (DMF) [(CH3)2NCHO] 
Water (H20) 
System III: 


System II followed or preceded by sodium styrene sulfonate 
(SSNa) and water (H20) 


System |. In System1,47°*® the AAc is present to 
swell the surface regions of the polymer substrate and 
to catalyze the condensation of NMA methylol groups 
with the end OH groups of PEG, leading to pendant 
polyethylene glycol chains, 


—NHCH, OH + HO(CH; CH; 0),,H — hap 
_ 2 


—NHCH, O(CH, CH; 0),,H 


The SSNa contributes strongly ionized sulfonate 
groups to repel soil particles, and the DMSO is used 
particularly with polyester substrates to help swell the 
surface regions. 
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Nylon and polyester films were preirradiated in air 
using an ICT-500 electron accelerator (High Voltage 
Engineering Corp.) and shortly thereafter were con- 
tacted with the treatment solution for different times 
and at different temperatures and then thoroughly 
washed and dried. To estimate the increase in hydro- 
philic character of the film surface, the contact angle 
of water on the surface was determined. The results for 
nylon (Fig. 3) show that the combination of preirradia- 
tion and posttreatment with monomers is necessary for 
enhanced surface wettability. Release of a drop of a 
dispersion of carbon black in mineral oil was greatly 
enhanced on a radiation-treated nylon fabric when 
immersed in water. Polyester film and fabric behaved 
similarly, higher treatment temperatures and DMSO 
being used. 


System Il. Nylon films were preirradiated*?*>° in 
air and then treated with aqueous GMAC solutions 
containing DMF to increase swelling of the surface 





WATER CONTACT ANGLE, deg 











DOSE, Mrads 


Fig. 3 Effect of dose and posttreatment on the water contact 
angles of preirradiated nylon substrates.*® —, control; ---, 
treated 5 min at 75°C under air in a solution of 5% AAc, 5% 
SSNa, 20% NMA, 20% PEG and 50% H,0. 


regions. The results (Fig. 4) showed that the GMAC 
enhances surface wettability significantly. When in- 
creasing amounts of NaCl were added to the water 
droplet, the contact angle of the droplet (on one 
particular film surface) increased from 23 to 46° as 
the salt concentration was increased to 5.N. This 
behavior was not due to an increase in surface tension 
of the droplet, yz;4 (Yz/a COS @ actually decreases 
with increasing salt concentration) but rather to an 
increase in the interfacial tension at the polymer—salt 
solution boundary. It was concluded that the increased 
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Fig. 4 Effect of radiation dose on weight gain and on water 
contact angle in preirradiation grafting of GMAC poly-cation 
on nylon substrates.°° Films treated 1 hr at 70°C under N> in 
a solution of GMAC/H20/DMF = 1/2/6. 


water wettability of such a polyelectrolyte-grafted 
surface is due mainly to the ability of the counter-ion 
(Cl here) to escape the field of the parent poly-ion, 
and that when salt ions are present in the water they 
compress the double layer created by escape of the 
counter-ions and force these ions back to the poly-ions 
on the surface. 


System Ill. The studies with System II were fol- 
lowed by experiments®!'*? in which a cationic mono- 
mer (GMAC) was adsorbed on a grafted (SSNa) poly- 
anion and then radiation or catalytically polymerized 
to produce a grafted polyelectrolyte complex on the 
nylon surface (Fig. 5). These complexes are water 
insoluble and are both hydrophilic and hydrophobic at 
the same time—i.e., they exhibit abnormally high 
water fluxes as membranes but the surfaces tend to 
dewet water.5* Thus such a surface treatment might 
confer both a hydrophobic character to the surface in 
air and a hydrophilic character in water. Static dissipa- 
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a i. 


NYLON SUBSTRATE CH2=C GRAFTED POLY-CATION 
b05CHpCHOHCH»N(CH3) 3 (OR POLY-ANION ) 


Ci- 


(OR "SSNa") 





(OR "GMAC") 








FREE-RADICAL 
POLYMERIZATION 
INITIATOR 


GRAFTED POLY-ELECTRO- ; 
LYTE COMPLEX * O 


Natci- 


Fig. 5 Methods used to prepare radiation-grafted polyelectrolyte complexes on polymer substrates.> !*5? 


tion in air should also be enhanced. Water contact DCRA Dry crease recovery angle 


SO; No* 


angles may be increased or decreased after complexing DHDMEU Dihydroxydimethylolethyleneurea 


the GMAC polymer on the poly(SSNa), depending DMF Dimethylformamide 
upon the concentration of GMAC in the complexing DMSO Dimethy] sulfoxide 
solution.*? These studies are continuing. (MG) NMA N-methylolacrylamide 
SSNa Polyethylene glycol 
GLOSSARY GMAC Sodium styrene sulfonate 


2-hydroxy-3-methacryloyl-oxypropyl- 
AAc Acrylic acid PEG trimethylammonium chloride 


CRA Crease recovery angle WCRA Wet crease recovery angle 
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Isotopes and Radiation Technology 





Radiation and the Green Revolution* 


Supplementary Keywords: mutation; agriculture; grain; 
flower; review, popular; conference; specialty food; vegetable; 
worldwide; fruit; growth improvement. 


Abstract: Useful radiation-induced mutations in plants up to 
July 1, 1969, are summarized in a table, with a brief 
introduction. 


An important contribution to plant breeding is being 
made by researchers using radiation to induce muta- 
tions. Crop varieties have been improved, and shortages 
caused by disease have been averted. The technique is 
proving to be valuable to breeders of flowers and 
ornamental plants aiso. Some of the results achieved to 
date were reported at an IAEA/FAO symposium held 
in Pullman, Wash., in July 1969. Nearly 50 new 
varieties of plants have been released to growers in the 
last 5 years. 


SigurbjOrnsson (United Nations) summarized prog- 
ress since the last symposium on this subject. The 
efforts of scientists of the past 40 years are paying off 
in millions of hectares of superior crops throughout the 
world. Examples include Reimei, the highest-yielding 
rice variety in Japan. The protein content of one 
variety of rice has been doubled. In Hungary the 
growing period of rice has been shortened by 3 weeks. 
Radiation-induced mutant varieties of durum wheat 
have shown superior performance in so many countries 





*Slightly adapted from the original publication in the 
International Atomic Energy Agency Bulletin, 11(5): 16-27 
(1969). 
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that FAO is recommending that some countries replace 
their wheat acreage entirely with the new mutants. The 
contributions of radiation mutations to the “green 
revolution” have not only alleviated some problems of 
population growth but have also called attention to the 
number of characteristics of even high-yielding varieties 
that need improvement. 


Swaminathan (India), one of the world leaders in 
this work, reported the solution to the problem of 
growing castor beans in India. Formerly the plant took 
270 days to mature and was thus at the mercy of 
changes in the rainy season. A new variety of castor 
bean has been evolved by the use of radiation-induced 
mutations; it matures in 120 days. Farmers are now 
assured of a good crop each year, and they can use the 
soil during the saved 150 days to grow other crops. 


Gardner (USA) announced the most important 
development with maize since the 1920’s—an increase 
in yield beyond the highest known. This is the first 
example of using the method effectively on open- 
pollinated rather than self-pollinated crops. 


One of the best-known flavors in the world, 
peppermint, might now be nonexistent except for a 
radiation-induced mutation, according to Murray 
(USA). Researchers have tried to fight a disease for 
14 years with other mutations, but those which were 
disease-resistant tasted like spearmint. Only the radia- 
tion-induced mutation resisted the disease and tasted 
like true peppermint. 


Table 1 is a list of the new varieties of bread wheat, 
durum wheat, barley, oats, rice, soybean, peas, beans, 
peanuts, rape, mustard, tobacco, peach, and flowers. 
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Table 1 List of Plant Mutants Released or Approved as of July 1, 1969, 
Produced with Radiation-Induced Mutations or Having Radiation-Induced 
Mutations in Their Background 





Name 


Place, date* 


Treatment 


Improved attributes 





Bread wheat 
NP 836 


Sharbati Sonora 


Lewis 


Stadler 


Sinvalocho Gama 


Zenkouzi-Komugi 


Novosibirskaia 67 


Durum wheat 
Castelporziano 


Castelfusano 


Castel del Monte 


Barley 
Vienna 


Pennrad 


Milns Golden 
Promise 


Midas 


Luther 


Diamant 


India, 1961 


India, 1967 


USA, 1964 


USA, 1964 


Argentina, 1962 


Japan, 1969 


USSR, 1969/70 


Italy, 1968 


Italy, 1968 


Italy, 1969 


Austria, 1959 


USA, 1963 


Germany 
(Democratic Re- 
public), 1955 

United Kingdom, 
1966 


United Kingdom 
(to be released 
in 1970) 

USA, 1967 


CSSR, 1965 


Dry seeds (12%), 16 krads 
of X rays 


Dry seeds (12%), 1 hr of 
2600-A ultraviolet rays + 
20 krads of gamma rays 
from ®°Co 


Thermal neutrons 


Thermal neutrons 


20 krads of ®©°Co 
eom rays 
"Co gamma rays 


as gamma rays, 
5 krads air-dry seeds 


Thermal neutrons, 
dose of 8.38 x 
10! /cm? 
Thermal neutrons, 
dose of 1.05 x 
10!3/cm? 
Fast neutrons, 100 Reps 


9400 rad X rays on 
dry seeds 


Thermal neutrons (dosage 
to cause 50% 
germination) 

X rays, 5000 R 


Gamma rays, 6 to 
24 krads 


RM.759/10 x 
Milns Golden Promise 


Seeds soaked in diethyl 
sulfate (dES) at 
0.0038 M (conc.) 
for 3.5 hr at 30°C 
with solution changed 
every half hour 

Seeds (14% moisture) 
treated with 10 krads 
of X rays 


Fully awned; higher yield (10%); 
medium early maturity (140 
days); high leaf-rust resistance. 
Grows better than the parent in 
unirrigated areas 

Amber grain color (preferred in 
India). Short straw, early 
maturity, high protein 
(16.5%), and high lysine/ 
protein ratio 

Lodging resistance; early 
maturity; high yield 

Early maturity; strong straw; 
good yield; excellent soft- 
quality grain; good disease re- 
sistance and winter hardiness 

More resistant to black stem 
rust and leaf rust 

Earlier maturity (1 or 
2 days); shorter culm (15 to 
20 cm); higher yield (10 
to 15%) 

Lodging resistance; baking 
quality 


Lodging resistance; yielding 
ability 


Lodging resistance; yielding 
ability 


Lodging resistance; high yield 


High yield; high 1000-kernel 
weight; mildew resistance; 
lodging resistance 

Increased winter hardiness; 
awnleted, recessive gene 
mutant 

Higher yield; lodging resistance; 
increased winter hardiness 


Shorter and stiffer straw with 
good grain yield and malting 
properties, but mildew- 
susceptible 

Short, stiff straw; erectoides 
habit; mildew resistance 


Shorter straw; increased grain 
yield and lodging resistance, 
especially with heavy 
fertilization 


Very high yield; short stem; 
very good grain and malting 
quality; lodging resistance 





*The original table includes the researchers’ names and their institutes.— The Editor 
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Table 1 (Continued) 





Name Place, date 


Treatment 


Improved attributes 





Barley (Continued) 


Hellas Sweden, 1967 


Sweden, 1960 
Mari Sweden, 1962 


Kristina Sweden, 1969 


Alamo-X 


Florida 500 


Florida 501 


Rice 
SH 30-21 Republic of 
China, 1957 
Republic of 
China, 1957 
YH 1 Republic of 
China, 1963 
Japan, 1966 


KT 20-74 


Reimei 


Soybean 
Tainung No. 1 Republic of 
(R) China, 1962 


Tainung No. 2 Republic of 
(R) China, 1962 


Raiden Japan (Tohoku 


district), 1966 


Japan (Tohoku 
district), 1969 


Selection from Pallas 
x Herta 


Presoaked seeds X-rayed 
with 7350 rads 

Dry seeds X-rayed 
with 20 krads 

Selection from Domen 
x Mari 


Thermal neutrons to 
seeds 


Seeds X-rayed with 
25 krads 

Selection from Florad 
x Coker 58-7 


Selection from Florad 
x Coker 58-7 


X rays 
X rays 


Selection from Taichung 
No. 1 x SH 30-21 

Dry seeds treated with 
20 krads of ©°Co 
gamma rays 


Thermal neutrons 


Dry seeds irradiated 
with 10 krads of 
Co gamma rays 


Dry-seed treatment with 
10 krads of ©°Co 
gamma rays (originated 
from the same R2 
population which 
gave “Raiden”’) 


Resistant to lodging and straw 
breakage; increased yield, 
especially with heavy 
fertilization; resists 
sprouting at harvest time 

Stiff straw 


Early maturity (by 8 days); 
stiffer straw 

Resistant to lodging and straw 
breakage; very high yield; 
outstanding malting quality 


Resistant to stem rust; 
superior grain quality and 
straw stiffness 

Resistant to Victoria blight 
and crown rust 

Improved agronomic type 
combined with rust 
resistance of mutant 
Florad 

Improved agronomic plant 
and kernel type combined 
with crown rust resistance 


Higher yield; short growing 
period 

Higher yield; short growing 
period 

Higher yield; short growing 
period 

Short straw; lodging resistance, 
especially with heavy 
fertilizer; less variation 
with location and year; 
tolerates lower temperatures, 
especially during germina- 
tion and seedling stages 


Vigorous, dropping-resistant 
variety with the character- 
istics of long branches and 
higher yield 

Vigorous, dropping-resistant 
variety with short 
internode, large seed, and 
adapted to acid or alkaline 
soil 

Earlier maturity; shorter stem 
(resists lodging); main- 
tains high yield and 
nematode resistance of 
original variety 

Earlier maturity; shorter stem; 
resists lodging; higher 
yield; maintains nematode 
resistance of the 
original variety. (Raiden, 
Raiko, and their original 
variety form a set of 
varieties of different 
maturities but of similar 
grain quality) 
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Table 1 (Continued) 





Name 


Place, date 


Treatment 


Improved attributes 





Pea 
Stral-art 


Navy pea beans 
Sanilac 


Seaway 


Gratiot 


Seafarer 


Haricot bean 
Saparke 75 


String bean 
Universal 


Spring rape 
Regina varraps 
elite A 
Regina varraps 
elite F 


White mustard 
Svalof’s Primex 


Sweden, 1954 


USA, 1956 


USA, 1960 


USA, 1962 


USA, 1967 


USSR, 1967 


Germany 
(Federal Republic), 
1950 

Germany 
(Federal Republic), 
1957 


USA, 1959 


Sweden, 1953 


Sweden, 1962 


Sweden, 1950 


Presoaked seeds 
irradiated with 
15 krads of 
X rays 


X rays 


Seeds irradiated with 
7 krads of gamma 
rays 


X rays, 300 R 


Selection from 
Granda x Universal 


X rays to dry seeds 


Seeds X-rayed with 
35 krads 

Seeds X-rayed with 
45 krads 


Seeds X-rayed with 
35 krads 


Vigorous development; 2 to 
6% higher seed yield; 
high regenerative capacity; 
stable yield 


Bush type; early maturity; 
resistant to alpha, beta, 
and gamma races of 
anthracnose and bean 
common mosaic races 1 
and 123; tolerant to 
wilt or white mold 

Short-season; upright bush- 
type; resistant to bean 
common mosaic races 1, 
15, and 123 

Same as for Sanilac except 
stiffer straw and added 
resistance to bean 
common mosaic 15; higher 
protein content than 
Sanilac 

Very early maturity; bush 
type; resistant to 
alpha, beta, and gamma 
races of anthracnose 
and bean common mosaic 
races 1, 15, and 123 


Surpasses the initial variety 
on average by 55 dt/ha in 
green pod yield and 
5.2 dt/ha in seed 
yield; green pods 
are devoid of fiber 
and fixed on the stem 
5.5 cm higher, making 
mechanical harvesting pos- 
sible; improved resistance 
to bacterial diseases 


Early maturity; higher yield; 
good resistance to 
anthracnose 

Immune against anthracnose; 
resistant to 
Pseudomonas phaseolicola 


Tougher hull (resists 
damage during harvest 
and transport); high 
yield; good quality 


Higher seed yield and 
percent oil 

Higher seed yield and 
percent oil 


Higher seed yield and 
percent oil 
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Table 1 (Continued) 





Name 


Place, date 


Treatment 


Improved attributes 





Castor bean 
Aruna 


Tobacco 
Chlorina F, 


Peach 
Magnif 135 


Lespedeza 
Hi-way 


Carnation 
UConn White 
Sim No. 1 


Chrysanthemum 
Dr. X 


Izetka Kopenicker 
Bronce Vogue 


Izetka Filmstar 
Bronce 


Izetka Marienhain 
dunkelrosa 


Izetka Marienhain 
cremeweiss 


Izetka Marienhain 
hellgelb 


Izetka Herbstgold 


Izetka Kopenicker 
Barbarossa 
Goldkissen 


Izetka Kopenicker 
Barbarossa 
Rotstern 


India, 1969 


Indonesia, 1934 


Argentina, 1968 


USA, 1970/71 


Germany 
(Democratic 
Republic) 


USA, 1962 


USA, 1966 


Germany 
(Democratic 
Republic), 
1962 

Germany 
(Democratic 
Republic), 
1966 

Germany 
(Democratic 
Republic), 
1966 

Germany 
(Democratic 
Republic), 
1966 

Germany 
(Democratic 
Republic), 
1966 

Germany 
(Democratic 
Republic), 
1964 

Germany 
(Democratic 
Republic), 
1962 


Germany 
(Democratic 
Republic), 
1962 


Thermal neutrons, 
1400 rads 


Chronic irradiation in 
gamma field 


Thermal neutrons, 2 hr 


X rays, 3000 R 


Gamma rays to 
rooted cuttings 


Rooted cuttings X-rayed 
with 1200 rads 

X rays, 1000 to 
2500 R 


X rays, 1000 to 
2500 R 


X rays, 1000 to 
2500 R 


X rays, 1000 to 
2500 R 


X rays, 1000 to 
2500 R 


X rays, 1000 to 
2500 R 


X rays, 1000 to 
2500 R 


X rays, 1000 to 
2500 R 


Very early (120 days vs. 
270 days for mother 
variety); yield slightly 
higher 


Pale color; high quality of 
leaf 


Bigger fruits with deeper 
red skin color; 7 days 
earlier maturity 


Compact; fine-stem; leafy; 
good tillering and 
seedling vigor 


Intensive colors; dark-red 
stripes on yellow petals 


Fewer ray flowers; “holds” 
longer after cutting 


Darker purple-red flower 
color 

Red-bronze color; incurved 
type; 15-cm flower 
diameter 


Bronze color; 6 to 8 flowers 
per stem; sturdy, dark- 
green foliage 


Dark pink; 20-cm flower 
diameter; 6 to 8 flowers 
per stem; weather 
resistant 

Cream white; other 
attributes as above 


Bright yellow; other 
attributes as above 


Yellow bronze; ray-shaped 
petals; sturdy stem; 
20 cm in diameter 


Bordeaux red with bright 
yellow center; windflower- 
shaped petals; good 
stem; slightly 
susceptible to sprays 

Dull-red with yellow center; 
other attributes as 
above 
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Name 


Place, date 


Treatment 


Improved attributes 





Dahlia 
Gracieuse 


Selection 


Rotonde 


Ornamental 
Rays 


Holland 
Jubilee 


Progression 
Rosy Mist 


Autumn 
Harmony 
Explosion 


The Governor 


Dutch Visit 


Temptation 


Streptocarpus 
Purple Nymph 


Mini Nymph 


Blue Nymph 


Netta Nymph 


Cobalt Nymph 


Netherlands, 1966 


Netherlands, 1966 


Netherlands, 1966 


Netherlands, 1966 


Netherlands, 1967 


Netherlands, 1967 


Netherlands, 1967 


Netherlands, 1967 


Netherlands, 1967 


Netherlands, 1968 


Netherlands, 1968 


Netherlands, 1968 


Netherlands, 1969 


Netherlands, 1969 


Netherlands, 1969 


Netherlands, 1969 


Netherlands, 1969 


1 to 4 krads of 
X rays to 
dormant tubers 
1 to 4 krads of 
X rays to 
dormant tubers 


1 to 4 krads of 
X rays to 
dormant tubers 


1 to 4 krads of 
X rays to 
dormant tubers 

1 to 4 krads of 
X rays 


1 to 4 krads of 
X rays 

1 to 4 krads of 
X rays 

1 to 4 krads of 
X rays 

1 to 4 krads of 
X rays 


2 krads of X rays 
to dormant tubers 


2 krads of X rays 
to dormant tubers 


2 krads of X rays 
to dormant tubers 


X-irradiation, colchicine 
treatment and combined 
treatment of leaves 


X-irradiation of leaves 


X-irradiation of leaves 


X-irradiation of leaves 


Combined treatment of 
colchicine and X- 
irradiation 


Violet mauve colored 
spider-cactus type 


Larger blooms and longer 
stems than its parent, 
but with the same 
flower color 

Vivid color-true pink 
flowering mutant with 
larger blooms than its 
parent 

Apricot-colored mutant with 
larger blooms than its 
parent 

Light orange throughout; 
blooms more firm and 
regular than the original 
cultivar 

Brick red throughout 


Empire rose throughout 


Cadmium-orange with scarlet 
center 

Blood red with bright 
yellow center; massive 
bloom, full at center 
and having a very fine 
habit 

Bloom 18 cm in diameter; 
plant 150 cm tall; deep 
copper-red flower color 

Orange-red flower color; 
bloom 30 cm in 
diameter (rest of the 
genotype unchanged) 

Dark lacquer-red color; 
giant flower 


Larger flower and more 
purple flower color; 
plant more sturdy; 
rest of the genotype 
unchanged 

Compact growth; very free 
flowering; rest of 
genotype unchanged 

Light blue flower color; 
finer plant growth; 
rest of genotype 
unchanged 

Dark blue netted and 
picotee flowers; 
extremely free 
flowering 

Compact plant; dark blue 
flowers; tetraploid 
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French Cardiac Pacemaker 


Supplementary Keywords: energy source; conversion, electric; 
thermoelectric system; medicine; therapy; heart; plutonium- 
238; France; portable. 


A cardiac pacemaker (Fig. 1) using ?**Pu as the energy 
source, with thermoelectric conversion, has been de- 
veloped in France. The source, 0.150 g of plutonium 
alloy, is doubly encapsulated in plutonium—iridium, 
and the thermoelements, designed for minimum ther- 
mal power, are of Bi,Te,;. The complete power 
pack—-sealed source, thermoelements, insulation, and 
shielding—is 2.7 cm in diameter and 5 cm high. The 


microgenerator is designed to deliver 500 uW at 1 V for 
10 years. 

The French unit is described in more detail by R. 
Berger, R. Boucher, and P. Laurens in “?**Pu Energy 
Source for Medical Electric Stimulators” (in French), 
Bulletin d'Information Scientifique et Technique 
(Paris) (in press). U. S. developments in this field and a 
British unit were described in /sotopes and Radiation 
Technology, 7(2). 

According to an announcement in Time for 
May 18, 1970, such a unit has been implanted in a 
human patient. (MG) 


ELECTRODE ATTACHMENT 


238py GENERATOR — | 
































Fig. 1 French cardiac pacemaker. 
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Some Uses of Isotopes in Metabolic Studies 
with Soil Microorganisms 


By P. E. Stanley and D. J. D. Nicholas* 


Supplementary Keywords: soil study; microbiology; bio- 
chemistry; nutrition; nitrogen-15; nitrogen-13;  sulfur-35; 
oxygen-18; carbon-14; hydrogen-3; iron-59; molybdenum-99; 
cobalt-58; copper-64; phosphorus-32. 


Abstract: The literature (18 references) on the use of isotopes 
in metabolic studies with soil microorganisms is reviewed. 


Stable and radioactive isotopes have proved to be 
invaluable tools for unraveling metabolic events in 
biological systems. Indeed, without these tracer ma- 
terials, the fate of compounds in bacteria, plants, and 
animals would be extraordinarily difficult to deter- 
mine. Because of the specificity, sensitivity, and 
precision of tracer techniques, they are now in routine 
use in most chemical laboratories, and metabolic 
studies with soil.microorganisms have benefited greatly 
from the use of tagged compounds. It is not the aim of 
this article to catalog all isotopes used in biochemical 
studies with soil microorganisms, but rather to give a 
few examples of their effective application to specific 
problems—'*N and '3N in studies with nitrogen- 
fixing bacteria; >*S- and '*O-labeled inorganic sulfur 
compounds to follow oxidation of sulfide and reduc- 
tion of sulfate; '*CO, for studying the fixation 
process in chemoautotrophic bacteria; *H, '*C, and 
32P to follow the incorporation of nucleosides and 
nucleotides into nucleic acids; 7?P for studying the 
esterification of inorganic phosphate into adenosine 
triphosphate during respiration; and ?°Mo, °° Fe, and 
°8Co for identification of these metals in enzymes. 


INORGANIC NITROGEN METABOLISM 


The transformation of nitrogen and its compounds 
in nature is of vital importance to all living things since 
it maintains a balance and distribution of the element 
suitable for life on this planet. The nitrogen cycle is 
equal in importance to the photosynthetic system, 
which supplies the carbon required by plants and 


*Department of Agricultural Biochemistry, Waite Agri- 
cultural Research Institute, University of Adelaide, Adelaide, 
Australia. This article is reprinted, by permission of the 
publisher, from Atomic Energy in Australia, 12(3): 11-20 (July 
1969), with some abbreviation. 


animals. The steps in the nitrogen cycle in nature,’ 
mediated primarily by soil microorganisms (Fig. 1), can 
be conveniently considered as 

1. Nitrogen fixation, in which N, gas is reduced to 
ammonia. 

2. Nitrification, involving oxidation of ammonia to 
nitrite and then to nitrate. 

3. Denitrification, in which nitrates are reduced to 
gaseous products, e.g., NO, N20, and N2. 

4. Nitrate assimilation, involving its reduction to 
ammonia prior to incorporation into amino acids, 
proteins, and other cell constituents. 


REDUCTION: ENERGY REQUIRED 


DENITRIFICATI 
ee 86 PROTEIN SYNTHESIS 

NITRATE—* NITROGEN GAS —» AMMONIA =———> (MICROORGANISMS 
. AND GREEN PLANTS) 
ty =, Oe. 
4%, DENITRIFICATION aL) 

%, < 
> A 
% = 

NITRITE 


NITRIFICATION 


ANIMALS 


OXIDATION: ENERGY REQUIRED 


Fig. 1 Principal reactions in the nitrogen cycle in nature. 


Nitrogen 


One of the basic reactions of the nitrogen cycle is 
activation of nitrogen gas followed by reduction to 
ammonia. This is done by various soil microorganisms, 
including bacteria, some yeasts, and blue-green algae 
(Table 1). In addition to these free-living forms, there 
are microorganisms which live in association with 
higher plants. The Rhizobia bacteria, which invade the 
roots of legumes and form nodules that actively fix 
N2 gas, are well known. In addition to these there are 
nonlegume plants, e.g., the alder, which also have root 
nodules, but in this case the endophyte is probably an 
actinomycete. Another unusual symbiosis is that of 
the Klebsiella bacteria, which reside in leaf-nodules in 
the Psychotria plants. The bacteria fix N2 gas and 
supply the plant with all its nitrogenous diet. 


ISOTOPES AND RADIATION TECHNOLOGY, Vol. 8, No. 1, Fall 1970 





APPLICATIONS IN LIFE SCIENCES 


Table 1 Biological Systems that Fix Atmospheric Nitrogen 





Free-living microorganisms 
Bacteria 


Yeasts Air 
Blue-green algae 
Microorganisms in association 

with higher plants 

Bacteria in legumes 

Bacteria in nonlegumes 
(e.g., alder, Casuarina, 
Myrica) 

Bacteria in Rubiaceae (e.g., 
Psychotria bacteriophila) 


Air, no light 
No air, no light 
Air and light 


Air and light 


Root nodules 


Root nodules 


Leaf nodules 


Azotobacter vinelandii 
Clostridium pasteurianum 
Rhodospirillum rubrum 
Rhodotorula 

Nostoc 


Rhizobium 


Actinomycetes 


Klebsiella 





Measurement of Nitrogen Fixation. The measure- 
ment of the N, fixed by microorganisms has posed 
many problems. Chemical methods lack sensitivity, 
with the micro-Kjeldahl procedure detecting about 10 
ug of total nitrogen only. In 1942 the stable isotope of 
nitrogen (15N) was first used to follow the fixation of 
nitrogen gas by bacteria.?, This method detects a 
nitrogen gain of 0.01 to 0.02 wg. Values greater than 
0.015 at.% '*N excess are regarded as significant. The 
method is relatively independent of total nitrogen in 
the sample, provided, of course, that there is sufficient 
gas to analyze in the mass spectrometer (200 yg of 
N2). 

The method involves exposure of bacterial cells, or 
extracts prepared from them, to '*N, gas (33 at.% 
excess). The gas is prepared from '*NH,CI by reacting 
it with alkaline hypobromite. It is usual to use a 
diluent gas, such as helium, to contain the '*N,. A 
suitable gas mixture is 0.2 atm of '*N, and 0.8 atm of 
helium. Flasks containing the appropriate reaction 
mixture are evacuated rigorously to around 10” mm 
Hg before the gas containing the tracer is introduced. 
The flasks are sealed and then incubated in a recipro- 
cating unit for 60 min at 30°C. The material from each 
flask is transferred to a micro-Kjeldahl flask and 
digested in 36 N H,SO, containing HgO catalyst, and 
the ammonia formed is distilled under alkaline condi- 
tions into boric acid. It is titrated against sulfuric acid 
to determine the total nitrogen. A suitable aliquot of 
this sample, containing about 200 ug of No, is put into 
one limb of a Rittenberg tube, with alkaline hypo- 
bromite in the other. The tube is affixed to the mass 
spectrometer vacuum system and rigorously evacuated 
to 10’ mm Hg. The contents of the Rittenberg tube 
are then mixed to generate N, gas from ammonia, and 
the tube is immersed in liquid nitrogen to freeze out 


water vapor and nitrogen oxides. The gas is then 
introduced into an evacuated expansion flask and 
passed into the mass spectrometer for analysis. Masses 
28, 29, and 30, representing '*N—'*N, '*N—!5N, and 
1SN—'5N, respectively, are measured, and a check is 
made on mass 32, '©O—!°O, to ensure that there is no 
oxygen. Some results of N», fixation studies on 
Azotobacter vinelandii using this method are 





Excess !5N, at.% 





Whole cells 2.74 
Cell extracts 1.18 
Particles prepared by centrifuging 

cell extracts at 144,000 g for 2 hr 

in an ultracentrifuge 0.88 
Supernatant fraction left after 

centrifuging 0.10 





Since the '*N method is time-consuming—some 2 
days are required to complete an experiment from the 
initial exposure of the sample to the final analysis in 
the mass spectrometer—a technique using radioactive 
'3N (1.24-Mev 6", 10.05-min half-life) was developed.* 
The tracer was produced* continuously in a cyclotron* 
by bombarding graphite with a deuteron beam current 
at 40 wA. The carrier-free gas product was swept from 
the target area in a stream of pure argon through 
small-bore polythene tubing to an adjacent laboratory. 
Since the target material was separated from the 
high-vacuum system of the cyclotron by a thin 





*The method uses the !2C(d,n)!3N reaction in the 
13-MeV Van de Graaff, taking advantage of the sixfold increase 
in the diffusion coefficient of the target material when the 
temperature increases to 1500°C. See Ref. 4 for details of the 
procedure. 
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aluminum window, the active gas could be collected by 
blowing a suitable carrier gas (argon or helium) over 
the target. 

Because of the short half-life of '*N, this nuclide 
must be used adjacent to the cyclotron. In the 
procedure adopted, the gas was passed through Dreshel 
bottles containing sulfuric acid and alkaline sodium 
sulfite to remove any ammonia and NO, respectively, 
that might be present. The gas was either bled off into 
the reaction flasks, then into a Dreshel bottle contain- 
ing water, and finally to the effluent line, or it was 
diverted to the effluent line before entry into the 
flasks. The flasks, which were contained in a recipro- 
cating unit at 30°C, were tightly sealed. Some results 
obtained on Azotobacter vinelandii using this tech- 
nique, with 10 min exposure to the tracer contained in 
helium as a carrier, are: 





13N, cps (referred! 
to standard time) 





Whole cells 30,600 
Cell extracts 24,500 
Particles prepared by centrifuging 

cell extracts at 144,000 g for 2 hr 

in an ultracentrifuge 20,700 
Supernatant fraction left after 

centrifuging 2,600 





Nitrification and Denitrification. During the oxi- 
dation of ammonia to nitrite by the nitrifying bac- 
terium Nitrosomonas’ ** the reactions 


NH% + 120,--NH,OH + H* AF = -0.7 kcal 
NH,OH + 0,--NO>+H,O0+H* AF = -83.3 kcal 





NH* + 320, ~NO; + H,0 + 2H* 


AF = -84 kcal 


are known to occur. Another nitrifying bacterium, 
Nitrobacter, oxidizes nitrite to nitrate: 
NO; + 20,--NO; AF = -17.8 kcal 

The stable isotope of nitrogen, '*N, has been used 
to label NH;, NH,OH, NO}, and NO; to follow the 
fate of these in the presence of nitrifying bacteria. By 
using this technique it was shown that both oxidizing 
and reducing enzymes are present. In both Nitrobacter 
given '*NO3 and Nitrosomonas given '*NO} or 
'SNH,OH, the tracer was found in cell components. 

Denitrification in bacteria involves’ reduction of 
nitrate to nitrite and thence to gaseous nitrogen 


compounds, e.g., NO, NO, and N,. By using '*NO3 
and '5NO3, the conversion of these to the gaseous 
compounds can be readily followed with whole cells, 
extracts prepared from them, or purified enzymes of 
this sequence. 


INORGANIC SULFUR METABOLISM 


Sulfur is found in living organisms in several 
oxidation—reduction states, from the highly oxidized 
sulfate to the completely reduced thiol groups of 
amino acids and proteins. There is an eight-electron 
difference between SO3> (+6) and S* (-2), and the 
element is usually incorporated into organic form at its 
lowest oxidation state. Some autotrophic bacteria, e.g., 
Thiobacilli,© that utilize carbon dioxide as the sole 
carbon source oxidize reduced forms of sulfur (e.g., 
sulfide to sulfate) to obtain their energy for growth. 
Other bacteria, fungi, and green plants reduce sulfate 
to sulfide prior to its incorporation into amino acids, 
e.g., cysteine, and then into proteins. 

The oxidation and reduction sequences involved 
together with the energy yield per atom of sulfur are 


Oxidation 

State of S: -2 O +2 +4 +6 
S?-==S=S,,03-=S,02-=s03 

Energy (kcal) 

during 

oxidation: 40 15 100 


The main features of the sulfur cycle in nature, 
mediated primarily by microorganisms, are illustrated 
in Fig. 2. 

The radioisotope **S has been used to follow the 
reduction of *5SO3°, *5SO3,, and *°S,03° by bac- 
teria, fungi, and plants and the oxidation of **°S?, 
35§03°, and *°S,03° by Thiobacilli. 


REDUCTION (+AF) 
PLANTS AND MICROORGANISMS 


DESULFOVIBRIO 
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POLYSACCHARIDE 
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Fig. 2 Sulfur cycle in nature. 
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Reduction of Sulfate. The reduction of *5SO2” 
involves’ its activation by adenosine triphosphate 
(ATP) by the enzyme ATP-sulfurylase: 


AF = + 14 kcal 


O O O 
Il ] I 
Adenosine -O —P-O—P—O-—P-O- + *5so2- 
| | | 
O- O- O- 
Adenosine triphosphate 
(ATP) 


3 = * 
°SO2- + 2e-+ S02 


O O 
I I 


= Adenosine— O —-P—-O-— 35S =O 
| | 
O- O- 
Adenosine-5’-phosphosulfate 
(AP?5s) 


O O 
| Il 
+-O-—P-—O-P-O- 
| | 
O- O- 
Pyrophosphate 


When 2°S-labeled sulfate is used, the formation of APS 
can be followed by separating the nucleotide from the 
reaction mixture by electrophoresis on Whatman 3MM 
paper* (1.5kV,0.1 M sodium citrate, pH 5.0). The 
nucleotides, located with the aid of an ultraviolet lamp, 
are cut out and put into vials containing toluene, 
2,5-diphenyloxazole, and 1 ,4-bis-2-(5-phenyoxazolyl)- 
benzene and counted on the liquid scintillation spec- 
trometer. 

A second enzyme phosphorylates APS in the 3’ 
position to give adenosine-3'-phosphate-5’-phospho- 
sulfate (PAPS): 


ATP + APS 


Oo oO 
ll I 

~ -O-S-O-P-O-CH, 
| | 
0 oO 


adenine 


O OH 
| 
-O-P=0 
| 
(PAPS) O- 


+ ADP + H* 
(Adenosine diphosphate) 


*DEAE (diethylaminethyl) chromatography paper. 


This labeled nucleotide can be separated from yeast by 
an electrophoresis technique. The tracer method is so 
sensitive that, although the nucleotide may be detected 
only as a faint spot under ultraviolet light, significant 
counts are obtained when the area is cut out and put 
into a scintillation vial and counted in a liquid 
scintillation spectrometer. 

The reaction in which **SO% is used may be 
summarized as follows: 


(1) ATP + *®SO%- = AP35s + PP, 

AF strongly positive 
(2) ATP + AP*5S >= PAP?5s + ADP 

AF strongly negative 


(3) PP, =2P, AF negative 





2ATP + %5SO7- = PAP38s + ADP + 2P, 
AF negative 


The further reduction of PAPS to sulfite is mediated 
by at least two enzymes as well as a protein factor: 


NADPH 

(reduced nicotinamide 
adenosine dinucleotide 
phosphate) 


+ PAP%5s 


—>NADP* + PAP + SO2- + 2H* 


35s 
Protein fraction — + reducing power 
35s 
35SH 


— protein fraction 


35 SH 


The reduced protein can then reduce disulfides. 


The sulfonyl group of PAPS may be transferred to 
a thiol group of a protein: 


35¢__35 SO; 


3NADPH + protein fraction — 


35s 
35S 


— protein — + 35SH™ + 3NADP + 3H,O 


35S 
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The S-sulfonyl compound is somewhat analogous, 
in chemical properties, to inorganic thiosulfate. The 
protein-bound mercapto group serves as a sulfonyl 
acceptor, and this may explain how inorganic sulfide, 
thiosulfate, and thionic acids serve as sulfur donors for 
the protein fraction. The reduction product of PAPS 
mediated by sulfite reductase from yeast is a bound 
intermediate, which is nondialyzable and has low 
electrophoretic mobility. The bound sulfide liberates 
inorganic **°S sulfite to an acceptor to form a 
S-sulfonyl derivative. On adding reducing power, the 
bound sulfite yields labeled sulfite and sulfide. The 
evidence from tracer experiments suggests that no free 
intermediates can be detected between sulfite and 
sulfide. 

Oxidation of Sulfide to Sulfate. The mechanism of 
sulfide oxidation to sulfate in bacteria, e.g., Thiobacilli, 
may involve elemental sulfur, thiosulfates, and poly- 
thionates as intermediates.° Compounds labeled with 
35S have been used to study their fate when added to 
cells or extracts prepared from them. Electrophoretic 
techniques similar to those described earlier have been 
used to separate the labeled products on cellulose 
paper. The labeled portions of the paper are cut out 
and put into vials for counting by liquid scintillation 
techniques. Thus the two sulfur nucleotides (APS and 
PAPS) have been found to be involved in some of the 
oxidative processes, and they have been identified by 
tracer techniques. 

Labeled sulfide added to extracts of Thiobacillus 
concretivorus forms labeled polysulfides that have 
distinctive spectral properties and are bound to 
protein. These are then converted to elemental sulfur 
and to thiosulfates and sulfite and finally to sulfate. 

A striking use for the tracer technique is the 
following of the fate of the two sulfur atoms in 
thiosulfate when they are oxidized by the bacteria to 
sulfate: 


. 


_ 


[S]—~-SSO; 
t 
2 -SSO; ~[0,S—S...S —SO,] 


s02- $02- S02 


The tracer data suggest that, during thiosulfate 
oxidation in Thiobacillus neopolitanus, the ratio of 
sulfate formed from the hexavalent sulfur group to 
that formed from the divalent is 2 : 1; the remaining 


divalent sulfur is converted to elemental sulfur or to 
the hexavalent sulfur groups of thiosulfate and poly- 
thionates. There seems to be a 4-sulfur intermediate in 
thiosulfate oxidation, with two of the sulfur atoms 
that arise from the divalent groups of thiosulfate 
following different paths to sulfate. 

The stable isotope '*O has been used to study the 
role of phosphate in the oxidation of thiosulfate to 
sulfate. Thus S'®02> was formed in this reaction from 
'8Q.Jabeled phosphate. Sulfite appears to be an inter- 
mediate, and labeled adenosine diphosphate (ADP) and 
adenosine monophosphate are formed: 


O O 
] ] 
2Ad—O-—P—'80- —P'803==Ad—O-— P—'8O- + ATP 
| | 
O- O- 
(ADP) (AMP) 


Subsequently '*O is transferred to sulfate: 
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Oo 180 
ll I 
Ad—O-—P-'80--SO; + PO, + ADP + 0 = SO- 
] 
O- Oo” 
(APS) 


With infinite recycling, the specific activity of 
sulfate (at.% excess '*O) would be 25% of that of the 
phosphate added. A value of 22% for the sulfate 
formed by oxidation of thiosulfate was obtained by 
experiment, indicating that the major part of the 
sulfate arose from the intermediate containing the 
P—O-S linkage. 


Carbon, Phosphorus, and Tritium Isotopes 


An important group of chemoautotrophic soil 
bacteria, the nitrifiers,'*5 obtain their energy by 
oxidizing simple inorganic nitrogen compounds and 
derive their carbon from CO, without the aid of light 
energy. Other bacteria oxidize sulfide (Thiobacilli) or 
H, gas (Hydrogenomonas). 

CO, Fixation Studies with '*C. The pattern of 
CO, fixation has been studied in several of these 
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bacteria, and it has been established that the reactions 
involved are very similar to those found in photo- 
synthetic green plants.® In the study of CO, fixation © 
in Nitrosomonas (the bacterium that oxidizes NH4 to 
NO,), two different approaches to the problem have 
been made with the aid of '*C-labeled materials. In the 
first, '*CO, incorporation into whole cells has been 
followed,’ and, in the second, the enzymes responsible 
for the Calvin-type cycle reactions have been investi- 
gated in cell-free systems using '*CO, and other 
'4CJabeled intermediates.'° A source of energy 
required for these reactions to proceed in whole cells is 
provided by ATP, which is produced when ammonia is 
oxidized to nitrite. However, in cell-free preparations, 
it is essential to add ATP. The use of '*CO, in these 
studies has been invaluable. After cells had been 
exposed to the tracer for 1 min, serine was found to be 
the most heavily labeled compound, followed by 
phosphopyruvic acid, phosphoglyceric acid, and sugar 
phosphates, in that order. Doubling the exposure time 
resulted in a higher iabeling in phosphoglyceric acid 
and sugar phosphates. The labeled compounds pro- 
duced in this sort of experiment can be separated 
readily and analyzed by paper chromatography fol- 
lowed by autoradiography. Some typical examples of 
autoradiograms are given in Fig. 3. 

Phosphorylation Studies with °*?P. It has been 
established that the system responsible for CO, fixa- 
tion is in the soluble fraction of the cell which is not 
sedimented in 2 hr of centrifuging of the cell extracts 
at 144,000 g. The pellet that is sedimented contains 
the respiratory system of the bacterium and is com- 
posed of small lipid-rich particles attached to mem- 
brane fragments." The particles contain dehydro- 
genases and cytochromes, which are concerned with 
electron transfer and oxidative phosphorylation. The 
latter process involves the phosphorylation of 
adenosine diphosphate (ADP) with inorganic ortho- 
phosphate to form ATP. It has been shown that *?P as 
inorganic orthophosphate can be used as a sensitive 
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Fig. 3 Diagrams of autoradiographs of compounds produced 

by whole cells of Nitrosomonas when exposed to 14005. oC) ee s 
These were separated by paper chromatography. Cells utilizing QD 
ammonia were exposed to Na,! CO; for (a) I min, (d) 
2 min, (c) 4 min. Legend: 1, origin; 2, hexose diphosphate; 
3,unknown; 4,sugar monophosphates; 5, phosphoglyceric 
acid; 6, phosphoglycollic acid; 7,unknown; 8, serine; 
9, asparagine; 10, glutamine; 11, alanine; 12, succinic acid; 
13, glutamic acid; 14, phosphoenolpyruvate. The blackened 
areas indicate the most heavily labeled compounds. 
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tool to detect oxidative phosphorylation. In this 
technique, the pellet fractions of the cells are 
incubated with unlabeled ADP and 3?P orthophos- 
phate, and the nucleotides (ATP and ADP) are ad- 
sorbed on activated charcoal disks or separated by 
paper chromatography and then counted. The amount 
of *?P labeling in the ATP is a direct measure of 
oxidative phosphorylation, which can be related to the 
amount of oxygen utilized by the system. The phos- 
phorus/oxygen ratio, a criterion of oxidative phos- 
phorylation, can then be calculated. Respiratory 
organelles (mitochondria) from animal cells give 
maximum P/O values of ~3. Particles from the 
chemoautotrophic bacteria appear to be less efficient 
since P/O values of ~0.2 are recorded. 

Nucleic Acid Metabolism Studies with '*C-, *?P-, 
and °H-Labeled Compounds. The metabolism of 
nucleic acids has been studied extensively in micro- 
organisms, but only a few soil types have been used. 
Thus Ochoa and his colleagues'!*'? have isolated two 
enzymes from Azotobacter vinelandii which are in- 
volved in the synthesis of ribonucleic acid (RNA). The 
enzyme polynucleotide phosphorylase was the first to 
be investigated, and, by the use of ADP labeled with 
32P and guanosine diphosphate, uridine diphosphate, 
and cytosine diphosphate, it was shown that this 
enzyme promoted synthesis of an AGUC* polymer, 
which, on hydrolysis with a diesterase enzyme from 
snake venom, gave adenosine-5’-monophosphate as the 
only labeled nucleotide. This indicated that during 
synthesis of the polymer the phosphorus ester linkage 
of the adenosine monophosphate (AMP) had not been 
broken. Further information was obtained by 
hydrolysis of the polymer with a spleen phospho- 
diesterase, which gave the four *?P-labeled 3’-mono- 
phosphates. This indicated that polynucleotide phos- 
phorylase had formed ApA, CpA, UpA, and GpA 
linkages. The true biological function of this enzyme 
and its importance in RNA metabolism are still obscure, 
but present evidence suggests that it may not be 
involved in RNA synthesis. The other enzyme from 
Azotobacter which appears to be directly involved in 
RNA synthesis is RNA polymerase, which catalyzes the 
polymerization of nucleoside triphosphates to RNA 
with the concomitant release of pyrophosphate. A 
primer of deoxyribonucleic acid (DNA) is required for 
this reaction, suggesting that it acts as a biological 
template. The '*C-, 7H-, and *?P-abeled nucleotides 
have been used for this assay, and it has been possible 





*A = adenylic acid; G = guanylic acid; U = uridylic acid; 
C = cytidylic acid. 


to follow the incorporation of two bases at the same 
time by labeling one with *H and the other with '4C. 

A simple technique for labeling the DNA of 
growing microorganisms has been to allow them to 
incorporate *H- or '*C-labeled thymidine. This 
procedure has proved valuable for autoradiography, 
which can be assessed by electron or light mi- 
croscopy,’* as well as for tracing in biochemical 
investigations. However, before the thymidine can be 
incorporated into DNA, it must be phosphorylated to 
thymidine monophosphate by the enzyme thymidine 
kinase. Recently it was shown that this enzyme is 
absent from the soil fungus Neurospora crassa.'* The 
label from thymidine added to growing cultures was 
distributed in both DNA and RNA in the fungus, 
indicating that the thymidine molecule had undergone 
some modification prior to its incorporation into the 
nucleic acids. It is therefore important to check 
whether or not enzymes are present when doing tracer 
experiments of this kind. 


TRANSITION METALS 


Many of the proteins involved in biological 
oxidation—reduction processes contain transition 
metals.'* However, frequently there is only one metal 
atom per protein molecule, or less than 0.1% metal by 
weight of the protein molecule. In studies of these 
proteins there is often only a limited amount of 
material available, and consequently there is a need for 
very sensitive methods for detection of the metal. By 
labeling the biological system with the appropriate 
radioactive metal, it has been possible to pinpoint and 
investigate the mode of action of various metallo- 
proteins. Thus **°Fe has been used in studies of 
cytochromes and of non-heme iron compounds. The 
soft X-ray emitter **Fe, conveniently counted with a 
liquid scintillation spectrometer, may be used in- 
creasingly in the future because of its longer half-life 
and lower radiation dosage'® than *°*Fe. The short- 
lived °°Mo has been used in the study of proteins 
associated with gaseous nitrogen fixation in 
Azotobacter vinelandii, nitrate reductases, xanthine 
oxidase, aldehyde oxidase, and dihydroorotic acid 
oxidase. 

Cobalt or vitamin B,2 is required for nitrogen 
fixation in Azotobacter vinelandii and for the utiliza- 
tion of nitrates by a variety of microorganisms. Nitrate 
reductase formation in Azotobacter is dependent on 
cobalt or vitamin B, 2. Isotopic **Co has been of value 
in this work since only 0.5 yg of cobalt per liter is 
required for growth.’ ” 
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Metal ions such as these are often required by 
organisms in only submicrogram quantities, and thus 
the advantages of tracers are obvious. The limitation, 
of course, is the short half-lives of some isotopes, e.g., 
®*Cu, since severai days may elapse between growing 
the organism in the presence of the label and the 
isolation of the protein containing the metal. In these 
cases another procedure is of value—the technique of 
neutron activation. The gamma-emitting radioisotope 
components may be readily determined quantitatively 
using scintillation counting or semiconductor detectors 
followed by multichannel analysis or separation by 
chromatography.'® The sensitivity of this method 
using neutron fluxes of 10'* n/(cm?)(sec) approaches 
10° g. Consequently it is necessary to have the 
metallo-proteins as free from contaminating materials 
as possible. (MG) 
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Prediction of Myocardial Infarction by Hemodynamic 
Evaluation Using 4341" 


By Gunnar Seveliust 


Abstract: A test has been developed for predicting heart 
attacks based on the rate at which intravenously injected ate | 
passes through the heart. Tests on 128 patients indicated that 
the accuracy of the test is 61% for a 6-month period, with only 
9% false positive predictions, 


Sixty percent of all deaths of persons in the 45- to 
65-year age group, i.e., the preretirement age, are due 
to cardiovascular disease, and 60% of these cardiovas- 
cular failures are due to a myocardial infarct,’ i.e., 
destruction of part of the heart muscle as a result of a 
blood clot in the coronary artery, which cuts off the 
blood supply to the heart. The risk of a myocardial 
infarct in the white male population of this age group 
is between 1 and 2% per year; with regard to airline 
pilots, of the 2100 active pilots now 50 years old or 
older, 20 to 40 will have a myocardial infarct this year. 
With 12% of their time spent in the cockpit, 2 to 4 of 
these pilots are likely to have an attack while con- 
trolling an airplane. Actual figures collected by the 
Federal Aviation Agency agree with or are slightly 
higher than these. 

Ten years ago, according to the Pilots’ Association, 
2.5% of airline pilots were in the 50-to 60-year age 
bracket; the figure is now 10% and is expected to 
double in each of the next 5-year periods. Thus, from 
the standpoint of the pilot, industry, the flight 
surgeon, and the public, a test is needed to indicate a 
specific high-risk period for a myocardial infarct for a 
specific person at a specific time. When a high-risk 
period can be pinpointed, preventive measures can be 
instituted. 

Anxiety about heart attacks in pilots makes them 
subject to many unnecessary grounding orders, with 
large loss in income. The present program is very much 
in question by both doctors and pilots because the 
orders are based on very unspecific diagnostic proce- 
dures, Myocardial infarctions occur when blood flow in 
the coronary vessels is very slow. This can happen 
under several conditions, for example, if the total 


*Author’s version of paper presented at Aerospace Medical 
Meeting, Miami, Fla., May 9, 1968. 

+Formerly at University of Oklahoma Medical Center, now 
practicing at 851 Fremont Ave., Palo Alto, Calif. 94022. 


cardiac output of blood is low, if the coronary vessel is 
partially blocked by an arteriosclerotic plaque so that 
blood has difficulty entering the coronary artery, or if 
the circulatory system is expanded by a large blood 
volume so that the cross section of the vessels 
promotes pooling of the blood. The heart is a muscle, 
which becomes fatigued like any other muscle, and 
cardiac output goes down when this happens. Clots 
may then form in areas where the other slow-flow 
contributing factors may promote intravascular clots. 
Common sites for these clots are the coronary vessels, 
probably because arteriosclerotic plaques are more 
common in them than in any other vessels and because 
even normal blood flow through them is almost zero in 
the systole contraction of the heart. However, clots 
may occur anywhere in the body. Besides the myocar- 
dial infarctions reported here, our patients had infarc- 
tions in the kidney, brain, and intestine at times of low 
cardiac output. Commonly used diagnostic procedures, 
based on age, blood cholesterol, and blood pressure, do 
not sharply define a coronary-risk period for patients. 
This paper reports the results of a program instituted in 
1962 at the Neurocardiology Research Center at the 
University of Oklahoma to determine whether predic- 
tions for a specific period could be made based on 
measuring blood flow with '*! I-labeled human serum 
albumin. 


TEST PROCEDURE 


Myocardial infarction occurs when the blood flow 
to the heart muscle is decreased, The test, which really 
shows how well the heart is performing as a pump, is 
painless and harmless and requires only 15 min, with 
an additional hour of laboratory work. In carrying it 
out, 20 to 30uCi of human serum albumin labeled 
with '3'] is injected rapidly into an antecubital vein, 
and the passage of the radioactive bolus through the 
heart, together with the amount of radioactivity in the 
bolus, is observed with a scintillation detector placed 
over the chest wall. The data give a radiocardiogram— 
a time-vs.-activity curve—from which the cardiac 
output, coronary blood flow rate, and heart volume 
can be determined. The area under the curve is 
inversely proportional to the mean circulation time. 
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The cardiac output—and, for that matter, any 
flow in the body—varies normally with the pulse rate, 
age, and total blood volume. Normal values for cardiac 
output at a particular age are therefore first determined 
from the patient’s pulse and blood volume, using a 
multiple regression formula. An abnormality in cardiac 
Output is expressed as the percentage difference be- 
tween the value found from the radiocardiogram and 
the normal value determined with this formula. Normal 
blood volume is calculated from height and weight, and 
normal heart volume and coronary blood flow are 
calculated from the percentages of the total blood 
volume and cardiac outputs. 

Normal cardiac outputs and blood volumes are 
taken as 100% +10% of their predicted normals, heart 
volume as 100 +12%, and coronary flow as 100 +17%, 
A numerical value to express the risk for myocardial 
infarction is calculated by adding together the percent- 
age cardiac output less than 90%, coronary flow less 
than 83%, heart volume more than 112%, and blood 
volume more than 110%, The mean value of this sum is 
called “prognostic index” (PI). A PI greater than 7 is 
considered to show a high risk of myocardial infarction 
in the next 6 months. 

In our tests we did two assessments of the results, 
one with and one without the coronary blood-flow 
values, 


RESULTS 


In the development program, 61 patients with a 
history of proved myocardial infarction and matched 
(sex, age, race, education, occupation) controls were 
observed several times a year for up to 7 years. Besides 
hemodynamic evaluations, they were voluntarily tested 
extensively every 6 weeks on most of the physiological, 
psychological, and sociological aspects of coronary 
disease. A few patients had two heart attacks during 
the study, and the data are presented twice. The Pl 
values were: 





MI within 
PI 6 months 


No MI within 
6 months 





Less than 7 
(total 100) 

More than 7 
(total 28) 


9 (false negative) 91 (true negative) 


17 (true positive) 11 (false positive) 





The risk of a myocardial infarction with a PI less than 
7 was thus 9/100 or 9%, and with a PI of more than 7 
it was 17/28 or 61%, Of the 11 patients with a PI 


greater than 7 who did not have an infarction within 
the subsequent 6 months, five still had an infarction or 
sudden death some time later. Four of the remaining 
patients with false positive predictions had clinically 
evident emphysema, which apparently also causes a 
low cardiac output with a large blood volume. Twenty- 
five percent of the predictions in these patients with 
emphysema were falsely positive. 

A low coronary blood flow could, theoretically, by 
itself cause a myocardial infarction. Our experience 
was that the coronary blood flow was generally low 
when the cardiac output was low. Of the nine patients 
with false negative predictions, five with otherwise 
normal hemodynamics had a coronary flow that was 
less than 66% of its normal predicted value. If coronary 
flow is included in the prognostic index calculation, 
the risk of a myocardial infarction with all factors 
within their standard deviations was only 4%, although 
67% if it is not included. Including the coronary blood 
flow in our prognosis thus improved the accuracy of 
the test. 

With or without coronary blood flow, the short- 
term predictions of the risk of myocardial infarction or 
sudden death compare favorably with predictions 
based on other variables such as age, blood cholesterol, 
smoking habit, blood pressure, or overweight. These 
predictions are usually done for a life expectancy and 
not for a pinpointed time period. With two of such risk 
factors abnormal, the risk of dying from a myocardial 
infarction or sudden death is double the normal risk, 
according to public-health figures. 

Typical PI values under various circumstances 
indicate the above points, In Fig. la is the record of a 
59-year-old control, a supervisor in a department store. 
His PI value remained zero throughout the 6 years, 
with only slight variations in the individual measure- 
ments, The coronary blood flow did vary, being low in 
March 1963 and again in 1967, when he complained of 
fatigue due to personal problems and an inventory in 
the store. Figure 1b is the record of a patient, a retired 
farmer, who had had an infarct 4 years before he 
joined the study but still had good circulation, In 
1965, when his son was called for duty in Vietnam and 
the son’s wife and small children moved into the 
patient’s home, his coronary blood flows dropped and 
his PI values increased from 0 to 20. His physician 
prescribed digitalis and rest, although he had no clinical 
signs of heart failure, whereupon his PI dropped to 7. 
We like to think that we helped prevent an infarct at 
this time. In 1966, following his son’s admission to a 
mental institution, his PI rose to 27 despite continued 
medication, and he had a fatal myocardial infarction 
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Fig. 1 Prognostic index values for three subjects examined in the myocardial-infarct prediction test. 
CO = cardiac output; BV = blood volume; HV = heart volume; CBF = coronary blood flow. 


2 months later. Figure Ic is the record of a 69-year-old 
patient who had two infarctions while on the study, 
each preceded by an elevated PI. At the time he joined 
the study, he invested his life savings but had poor 
returns and worried about his future. His PI was 15, 
and he had a myocardial infarction 1 month later, In 
1966, he again had business worries, his PI rose to 20, 
and he had a severe angina attack and was admitted to 
the hospital for a possible infarction, His coronary 
blood flows stayed fairly normal during 1966 until he 
started discussing a divorce, when his PI rapidly rose to 
15. One week later he had another infarction. 


CONCLUSIONS 


The results of the study indicate that abnormalities 
in hemodynamics can be used for accurate predictions 
of a myocardial infarct within a given period of time. 
The obvious reversibility of the precoronary syndrome, 
in both patients and controls, has great clinical 
implications from the humanitarian standpoint since, 
with regular checkups, it should be possible to decrease 


the frequency of myocardial infarctions by precoro- 
nary treatment. There is also a purely economic 
significance to the aircraft industry since replacement 
of a pilot costs $100 thousand. 

We feel that the value of predicting a myocardial 
infarction based on hemodynamic data determined 
with a radioactive tracer—!*!I—has been demon- 
strated. The test gives an indication of the pathophysi- 
ology of the development of a myocardial infarction. It 
seems evident that, although arteriosclerotic plaques 
may be predisposing to a heart attack, the precipitating 
effect of slow blood flow due to heart-muscle fatigue is 
outstanding. This is encouraging because the hemo- 
dynamic picture as presented from these findings is 
reversible and can be affected by treatment, while the 
prospect of trying to affect the pathological changes of 
arteriosclerotic plaques is very much in the future. 
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Safety Testing of Radioisotopic Gages 
and Radiography Units* 


Abstract: Studies were made on the construction and perfor- 
mance, under simulated field, conditions, of four radiography 
units designed for use with °°Co or '°? Ir sealed sources rang- 
ing from 10 to 100 Ci and fee nine redioisotopic gages designed 
for use with "cs "Uh, " Ra, or ?°Sr. The results 
of the tests and inaneiiilies for standard testing pro- 
cedures are reported. 


The construction and performance of radiography 
units and isotopic gages under simulated field condi- 
tions were studied by Underwriters’ Laboratories, Inc. 
(UL), under contract to the U.S. Atomic Energy 
Commission’s Division of Isotopes Development. 

Thousands of radioisotopic gages and radiography 
units are now in use for controlling or monitoring 
industrial processes and for nondestructive testing in 
factories, shops, and foundries, often operated by 
persons not professionally trained in the principles of 
radiation theory and protection. The safety of these 
persons as well as of other plant personnel depends on 
good, safe construction and dependable performance 
of these devices. Criterions for use in inspection of 
these devices before they leave the manufacturer are 
therefore important. Standards, of course, now exist. 
However, the standards are reviewed frequently, and 
UL tests were designed to obtain data useful in 
determining whether the standards are sufficiently high 
and, if not, where improvements should be made. 

In order to simulate field service conditions, the 
devices were fitted with dummy sealed sources, con- 
structed in accordance with the manufacturer’s spec- 
ifications for the regularly supplied sources but con- 
taining no radioactive material. 





*Based on USAEC Report ORO-3610-1, Isotope Device 
Safety Testing Study: Industrial Gauges and Radiography 
Devices, Underwriters’ Laboratories, Inc., July 10, 1969 
(87 pp.). 
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RADIOGRAPHY UNITS 


Four radiography units designed for use with °°Co 
or '®?Ir sealed sources ranging in strength from 10 to 
100 Ci were tested. The units (Fig. 1) were portable 
and operated by a hand crank. The source, enclosed in 
a capsule, is fastened to a flexible steel cable, which 
moves the source through a flexible conduit from the 
shielded storage container to the “expose” position. 
After the exposure is completed, the cranking is 
reversed to return the source to storage. To facilitate 
replacement of sources and removal of conduits from 
the storage unit while the equipment is moved from 
one job to the next, the source capsule is joined to a 
short length of steel cable, a “pigtail.” This, in turn, is 
connected to the main cable by a connector, which can 
be manually separated to disconnect the pigtail and 
source from the main cable. 


System-Operation Test 


In system-operation tests under simulated field 
conditions, the radiography units were used for 16,995 
to 88,044 “exposures” before they failed. Failures 
included breakage -and separation of drive cable, 
jamming of drive cable in conduit, failure of crank- 
mechanism shear pins, and severe wear and deforma- 
tion of pigtail connectors. In one instance, an acci- 
dental uncoupling of a pigtail connector occurred. 

Recommendations: To ensure safe control and 
protection of the source capsule, a 50,000-“exposure” 
operation test is recommended. 


Pigtail-Connector Test 


Tests providing both rotational and lateral move- 
ment of the drive and pigtail cables were conducted to 
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Fig. 1 Radioisotopic radiography unit. 


evaluate the reliability of pigtail connectors under 
accelerated test conditions. From 1800 to 229,290 
cycles rotational and 684 to 191,900 cycles lateral 
occurred before failure; there was no accidental un- 
coupling of connectors. The predominant failure was 
breakage of the pigtail-cable, strands at the connector 
or at the welded or brazed joint of the source capsule. 

Recommendations: Source pigtail connectors and 
their attached cables should be examined for wear at 
frequent, regular intervals, and connectors should be 
replaced after 50,000 cycles of use. Welding or brazing 
of cables to connectors should be avoided, attachments 
being made by mechanical (nonthermal) means. A 
rapid method for testing pigtail reliability should be 
developed. 


Source-Transport-System Tests 


All components of the source transport system 
were tested for tensile strength, and both drive-cable 
and source-guide conduits were subjected to compres- 
sion, abrasion, and flexing tests. 


Tensile Strength. The tensile strength and pullout 
forces necessary to cause the various components to 
fail ranged from 65 (securement of a stop on a pigtail 
cable) to a maximum of 2700 Ib (tensile strength of a 
drive-cable conduit). 

Recommendations: Transport-system components 
should be able to withstand for 1 min a tensile force 


varying from 200 to 10001b, depending on the 
component and its function. 


Compression. Compression forces varying from 575 


to 5000 lb were momentarily applied to the drive-cable 
and source-guide conduits (and then released) without 
inhibiting the free movement of the contained cables 
or source capsule. Forces varying from 625 to 9500 Ib, 
applied momentarily to the conduits and then re- 
moved, were necessary to permanently distort them to 
the degree that would prevent free movement of the 
enclosed cables or source capsule. 

Recommendations: Drive-cable and _ guide-cable 
conduits should withstand for 1 min the application, 
and release, of a compression force of 575 Ib without 
inhibiting the free movement of the enclosed cable or 
source capsule. 


Abrasion. Several samples completed 10,000 cycles 
of abrasion testing without breakage or separation of 
the conduit or penetration of the abrasive surface 
through the overall braid or jacket of the conduits. 
Other samples parted at test periods as short as 
1375 cycles and wear-through of overall braids and 
jackets occurred at as short as 400 cycles. 

Recommendations: All conduits should withstand 
a 10,000-cycle abrasion test without failure. 


Flexing. Two samples of drive-cable conduit com- 
pleted 99,288 and 56,856 cycles, respectively, without 
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failure, and the remaining two samples showed signs of 
failure (breakage of sheath strands) at 60,999 cycles. 
Samples of source-guide conduit failed by parting at 
from 2302 to 59,840 cycles, depending on the test- 
pulley diameter and the test-load weight. 

Recommendations: Drive-cable and source-guide 
conduits should withstand a 50,000-cycle flexing test 
without failure. 


Drop and Fire Tests 


Drop and fire tests were not conducted on the 
radiography units investigated because of possible use 
in developing adequate pigtail-connector tests. How- 
ever, it is recommended that devices be constructed to 
withstand, without failure, a 1-hr (UL specification) 
fire test and a 30-ft drop test, in that order, without 
loss of sealed-source integrity. 


Source-Location Indicator 


The location of the sealed-source capsule within 
the source transport system is usually indicated by 
mechanical or electrical means. Mechanical indicators 
can be easily damaged, while electrical indicating 
circuits comprise batteries and lamps, which have 
limited life; lenses, which can become scratched and 
dirty; and separable connectors, which can wear and 
come apart easily and can be fouled by dirt or water. 

Recommendations: None of the indicators ex- 
amined on radiography units can be recommended 
because they do not provide reliable information under 
typical field-service conditions without continual and 
careful checkup and calibration. 


Locks 


The locks on all the radiography units were 
ordinary padlocks or cabinet locks, so mounted as to 
be easily removable by common hand tools. They 
provided less security against forcible entry than locks 
generally found on coin-changing machines, parking 
meters, and coin-operated vending machines. 

Recommendations: The locks on radiography units 
should comply with UL No. 437 Standard on Key 
Locks. 


GAGES 


Shutter Mechanisms 


Gages are usually designed to retain their sealed- 
source capsules within the bodies of the source-capsule 
holders at all times. The beam of radiation that 


actuates the gage is usually turned “on” and “off” by a 
shutter mechanism which is operated either manually 
or by electric or pneumatic power. Accidental emission 
of radiation can occur through malfunction of the 
shutter mechanism or failure of the gage body to 
withstand the conditions of service or accident to 
which the gage is subjected. 

All manual shutters satisfactorily completed 
200 cycles of operation. Of three pneumatically oper- 
ated shutter mechanisms, one failed at 52,256 cycles 
and two completed successfully 200,000 cycles of 
operation. Two electrically operated shutter mecha- 
nisms failed at 7777 cycles and 123,265 cycles, respec- 
tively. 

Recommendations: Manually operated shutters 
should withstand 200 cycles of operation without 
failure. Shutters operated by other means sliould 
withstand mechanical tests ranging from 5000 to 
100,000 cycles of operation without failure, depending 
on their normal usage, their location, and the type and 
strength of the radiation beam they control. 


Electrical-Component Performance 


The electrical components of the electrically oper- 
ated gages complied with the usual performance 
requirements applicable to electrical equipment in- 
tended for industrial use. 

Recommendations: The electrical components of 
gages should comply with UL No. 508 Standard for 
Industrial Control Equipment. 


Corrosion Resistance 


A typical gage withstood 13 weeks of continuous 
exposure to an atmosphere with CO,—SO, concentra- 
tions considered representative of exposure to ordinary 
indoor industrial environments without failure and 
with little external evidence of corrosion. 

Recommendations: Gages intended for installation 
in ordinary industrial environments should withstand 
13 weeks of exposure to a representative (1%) CO, — 
SO, atmosphere. Where more-than-ordinary corrosive 
agents are present in the environment, special tests 
tailored to fit the environment may be necessary. 


Drop and Fire Tests 


Two gages satisfactorily withstood a 30-ft drop 
test. In a third gage, dropped 15 ft, there was severe 
damage to the shutter mechanism and expulsion of the 
source capsule and some shielding material from the 
gage body. 
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In fire tests, one gage showed no ill effects other 
than destruction of the shutter mechanism. Two other 
gages lost all their shielding material during the test, 
and in one of them the source capsule (normally 
containing **Kr) was destroyed. The dummy sealed- 
source capsules intended for solid nongaseous isotopes, 
and constructed of silver-soldered or welded stainless- 
steel or Monel components, withstood the fire test. 
Source-capsule temperatures in excess of 1500°F were 
measured. 

Recommendations: A gage should be constructed 
to withstand a 1-hr fire test and a 30-ft drop test, in 
that order, without loss of sealed-source integrity. 


Shutter-Position Indicators 


Gages can be fitted with mechanical or electrical 
shutter-position indicators. It was concluded that, with 
normal maintenance, the indicating systems on the 


gages studied can be expected to give reliable indica- 
tions of shutter position. 

Recommendations: Moving parts of mechanical 
indicators should be well protected, and beam “on” 
and “off” markings should be of types that cannot be 
easily obliterated by painting, corrosion, etc. Electrical 
indicators should be permanently connected to 110- or 
220-V supply circuits, and there should be separate 
indicators for “open” and “closed” positions. 


Locks 


See comments under “Radiography Units.” 

Recommendations: Locks complying with UL 
No. 437 Standard on Key Locks should be provided on 
gages which emit gamma radiation of more than 
5 mR/hr 12 in. from the outer surface of the gage body 
and which are not remotely located (i.e., accessible 
only to authorized personnel). (MG) 
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Activation Analysis with Charged Particles 
and Gamma Photons* 


Supplementary Keywords: chemistry, analytical; activation, 
charged particle; activation, photon; accelerator; carbon-11; 
nitrogen-13; fluorine-18; oxygen; oxygen-15; comparison; 
boron; hydrogen; helium-3; France. 


An analytical technique being widely used by the 
French atomic energy establishment at Saclay is 
activation analysis with charged particles and gamma 
photons. The activation-analysis laboratory at Saclay, 
one of the best equipped in the world, is connected by 
pneumatic tubes with two cyclotrons and two accel- 
erators: 


Fixed-energy cyclotron: 44-MeV a, 22-MeV d, and 
11-MeV p. 

Variable-energy cyclotron: 3- to 25-MeV p and 3- to 
35-MeV *He. 

Linear accelerator: bremsstrahlung y radiation of maxi- 
mum energy varying from 25 to 45 MeV. 

Van de Graaff accelerator: 2 MeV, particularly useful 
for surface analyses and for measurements of diffu- 
sion of light elements. 


Despite the extensive facilities, the laboratory operates 
near capacity most of the time because of the 
usefulness and popularity of the technique. 

Many elements can be determined by charged- 
particle or gamma-photon activation. The chief applica- 
tion of such analytical methods is to light 
elements—B, C, N, O, and F—for which they are 
specific and which can be determined in concentrations 
as small as 1 part (by weight) in 10°. Activation 





*Extracts from a paper (in French) by Ch. Engelmann 
(CEN, Saclay, France), Bulletin d’Information Scientifique et 
Technique (Paris), No. 140, pp. 65-70 (Sept. 1969) (English 
translation, Report ORNL-tr-2265 by Martha Gerrard). 
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analysis is suitable as a nondestructive testing tech- 
nique. Further, when necessary, the sample may be 
scraped to a controlled depth after irradiation to 
eliminate any risk of contamination. Thus these 
methods are of considerable interest for analyzing very 
pure materials. 

The charged-particle technique is generally more 
sensitive than the gamma activation, but the particles 
must be used with great care. The effect of competitive 
nuclear reactions (Table 1) is important, and, whereas 
gamma photons are very penetrating, the path length 
of charged particles is limited. When gamma activation 
is used, the extraneous reactions can be eliminated by 
proper choice of the maximum energy of irradiation 
(compare the thresholds in Table 1). With charged 
particles, this discrimination is not so easy. However, 
there are cases—with oxygen, for example—where 
the determination can be made without interference by 
activation with protons of energy less than 9 MeV. This 
is also true when deuterons are used to determine 
nitrogen and boron. With regard to other reactions, 
study of the activation curve usually allows selecting 
the energy to be used as a function of the degree of 
purity of the material analyzed. 

The sensitivities shown in Table 2 take into 
account chemical separation of the isotopes. However, 
numerous nondestructive determinations are also 
possible with these two types of activation,’ 

Recently a method for separation of ''C and 1°N 
by oxidizing fusion has been studied.? The two 
elements producing these isotopes can thus be de- 
termined with a single irradiation. Oxygen-15 can also 
be separated in a few minutes with a reducing fusion in 
a graphite crucible.* Thus, nitrogen and carbon can be 
determined in 20 to 30 min and oxygen in less than 
10 min by the gamma-activation technique. 
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Table 1 Nuclear Reactions Used for Determining B, C, N, and O 
by Activation with Charged Particles and Gamma Radiation 
and Chief Competing Reactions* 





Reaction Threshold, 
Element used MeV 


Chief competing Threshold, 
reactions MeV 


Product 
half-life, min 





Charged-Particle Activation 


11B(p,n)!1C 3.02 120(p,d)!!C 
14N(p,a)! 1c 


14N(d,an)! 1¢ 





10B(d,n)!!C Q>0 


11B(d,2n)!!C 5.9 12¢(4,t)!!C 





13C(p,n)!3N 3.2 
12C(p,y)!3N Q>0 


12C¢(d,n)!3N 0.3 


14N(p,d)!3N 
160(p,a)!3N 


14N(d,1)!3N 
16Q(d,an)!3N 
10B(3 He,pn)! 1c 
9Be(He,n)!!C 
*Be(a,2n)!!c 


10B(qt)! 1c 
1 1B(qatn)! 1¢ 


12¢(3He,a)! 1c 





14N(p,a)!!C 3.12 11B(p,n)!!C 


12C(p,d)! 1c 


14N(d,n)!50 Q>0 16Q(d,1)'50 





180(p,n)! 5F 2.6 
16Q(3He,p)!®F Q>0 
16Q(q,d)!8F 20.4 


19F(p d)'8F 
19F 3 He,a)!8F 


19F(@an)!8F 
1SN(qn)!8F 





Gamma Activation 


12C(y,n)!!C 18.7 14N(7,2)!!C 
16 O(y,an)!1C 26 








14N(y,n)!3N 160(7,1)!3N 25 10 





160(7,n)'50 19F(y,tn)!50 27.4 2.1 


20Ne(y,an)!5O 20.4 34 





19F(y,n)!8F 20Ne(7,d)!8F 21.1 110 


23Na(y,an)!8F 21 110 




















*There are other reactions, but they produce the same isotope as that on which the 
measurement is based. 


Activation with charged particles and gamma 
photons has been used for determining the light 
elements mentioned in high-purity materials—Si, Ge, 
Fe, Ni, and Nb. Lowest concentrations determinable 
with the activation technique, as found at Saclay, are 
shown in Table 3. Other laboratories have also de- 


termined concentrations as low as 10°° —e.g., Nozaki 
et al.* for O, C, and N in silicon by *He and proton 
activation and Ph. Albert et al.* for O by *He and 
alpha activation in numerous materials—or 
10°*—e.g., Revel et al. for C in pure iron by proton 
activation.® 


ISOTOPES AND RADIATION TECHNOLOGY, Vol. 8, No. 1, Fall 1970 





ISOTOPES AROUND THE WORLD 


Table 2 Minimum Amounts of C, N, O, and F Determinable by 
Activation with Charged Particles and Alpha Radiation with a 
100-uA Beam Intensity 





Wt. concentration, ppM 





p 
Element 10-15 MeV 10-15 MeV 


d 3He 
10-20 MeV 


a i ag 
40MeV 30MeV  40MeV 





0.001 0.0001 


0.01 0.001 0.001 


0.0005 0.0002 


0.01 0.001 


0.05 0.02 
0.01 0.04 0.01 

0.02 0.005 
0.001 0.01 0.002 





*2,1 min for O, 10 min for N, 2.3 min for C, and 110 min for F. 


Table 3 Examples of Concentration Determined 
by Gamma-Photon and Charged-Particle Activation 
(at Saclay) 





Impurity 
deter- Concentra- 
mined tion, ppM 


Type of 


activation Observations 





a Nondestructive 


1a ZO 





Nondestructive 








Nondestructive 





O 
Cc 
N 
Cc 
N 
O 
c 
N 
i 
N 





Among the other analytical applications of charged 
particles and gamma photons are 

1. Analysis of thin layers using low-energy (less 
than 3 MeV) charged particles. The method is non- 
destructive and very sensitive. For example, Barrandon 
and Albert estimate that with tritons one can de- 
termine oxygen in amounts of 10°? yg/cm? on metal 
surfaces.” Amsel and Samuel® developed a method 
with which they can detect 107° ug of '*0O. 

2. Localization of impurities in a monocrystal by 
the intermediate effects of channeling of the charged 
particles in the crystals.? 

3. Determination of the distribution of an impurity 
on the surface of a sample by charged-particle activa- 
tion followed by autoradiography .'° 
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4. Determination of hydrogen in very low concen- 
trations (10 to 10-*), without interference, by triton 
activation—!'H(t,y)*He—in which the very-high- 
energy (about 20 MeV) radiation emitted during the 
irradiation is measured. 

5. Nondestructive determination, using gamma 
photons of energy lower than 10 MeV, of a dozen or 
more elements—Se, Br, Sr, Y, Ag, Cd, In, Ba, Hf, W, 
Ir, Pt, Au, and Hg—by (‘7,7’) reactions.'! The analysis 
is very simple, is free of interference, and should be 
very useful for systematic determinations on a number 
of samples—geological, biological, and others of the 
same type. It is not a method for determining trace 
amounts, the concentrations determinable being from 
10° to 10%, but the simplicity of its use and the speed 
with which it can be carried out should ensure its use. 

(MG) 
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The radioisotopic-source fabrication facility at Saclay, 
France, was designed for fabrication of radioactive 
sources from fission products—particularly '*7Cs, 
99S; 147Pm, '°®Ru, and '**Ce. Large amounts of 
radioactive material can be processed, e.g., 2 to 3 kg of 
137Cs, each radionuclide being processed in a separate 
cell. Equipment is available for a number of different 
techniques. 

The facility, which is an integral part of the 
Radioelement Building, is divided into three zones: 


Zone A—15 leaktight cells where radioactive material 
is processed. 

Zone B—a long corridor behind the cells from which 
the cells are reached; normally not con- 
taminated. 

Zone C—a room in the front where instrument 
control panels are located; very unlikely to 
become contaminated. 


Air is renewed in the leaktight cells 30 times each hour 
(60 m?/hr), the cells being kept at a negative pressure 
of 30 to 60 mm H,0. The corridor is also ventilated 
and is kept at about —-5 mm H,0. The control room 


*Summary of French Report CEA-R-3622 (in French) by 
J. Fradin and C, Hayoun, January 1969 (190 pp.). 


has no forced circulation of air, but it can be sealed 
and connected to the ventilation system if there should 
be leakage of radioactive material into it. 

Ten of the processing cells (2 m high, 0.9 m deep, 
and 1 or 2m wide) are constructed of stainless-steel 
frames to which Plexiglas panels are clamped. The 
joints are sealed with rubber. In two of them a 
Plexiglas panel is fitted with gloves, and a conveyor 
belt connects these two to the others. Three of the 
processing cells (2.5 m high) are made of stainless steel 
with only the front and back panels of Plexiglas. The 
back panels are hinged, like doors, and the three are 
connected by a trolley that enters them through air 
locks with inflatable joints. The last two cells are 
entirely of stainless steel except for a Plexiglas port in 
the front wall. 

In Zone B there are two enclosed structures. One is 
a shielded hood, 1 m high by 1.5 m by 0.90 m. The 
other, 1 by 1 by 1 m, is not leaktight but is heavily 
shielded and used for source storage. 

Material is transferred into and out of the pro- 
cessing cells on a conveyor belt that operates in a 
16-m-long transparent (Lucoflex) tunnel and enters 
and leaves the cells through remotely controlled air 
locks. The polyvinyl belt is reinforced with glass fiber 
and can support a load of about 5 kg. Objects are 
carried in smooth-bottom plastic containers to prevent 
damage to the belt. Source transport containers, 
because of their weight, are not carried on the belt but 
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are introduced directly into the cells through an air 
lock. A grounding arrangement prevents buildup of 
static electricity on the belt. The tunnel is located in 
the rear passage, at working surface level, 0.9 m from 
the floor. It is leaktight and is under a slightly higher 
pressure than the cells so as to prevent its becoming 
contaminated when a port into a cell is opened. Air 
locks at each end of the tunnel are opened and closed 
manually and are regulated so that they cannot be 
opened simultaneously. The space above the tunnel is 
used for storage. 

Two liquid-waste systems are provided—one for 
radioactive effluent and one for material unlikely to be 
contaminated with radionuclides. Solid contaminated 


waste is removed to a bin, with built-in shielding, 
which can be transported without further handling of 
the waste. All conduits—for liquids, gases, electric 
cables, and remote-control transmission rods—are 
leaktight. 

After 6 years of operation, during which the levels 
of activity processed increased each year, all areas were 
in satisfactory condition. More tnan 8000 orders had 
been filled. The total downtime had been only a few 
months, the longest being 1 month for replacement of 
the master-slave manipulators with a better model. 

The construction of the facility and the design of 
the equipment are described in minute detail in the 
original report. (MG) 


French X-Ray-Fluorescence Analyzer* 


Supplementary Keywords: France; iron-55; measurement, 
composition; measurement and control system; instrument; 
source, alpha; polonium-210; americium-241; chemistry, 
analytical. 


An X-ray -fluorescence analyzer, the ARIEL (Analyseur 
Radioisotopique d’Eléments Légers), has been de- 
veloped by the Radioisotope Applications Section of 
the Commissariat 4 l’Energie Atomique (CEA) Radio- 
element Department (France) for determination of 
light elements. The analyzer is based on the principle 
of excitation of characteristic X rays of an element by 
the radiation from a radioactive nuclide and is particu- 
larly suitable for determining elements from carbon 
(Z = 6) to calcium (Z = 20). 

The instrument (Fig. 1) includes a radioactive 
source chamber, a simple and inexpensive proportional 
counter (with a resolution of 36 to 40% for the 
aluminum K Xray), and four sample chambers that 
can be moved into the irradiation position without 
polluting the detector gas with atmospheric oxygen. 
The circulating-gas proportional counter is windowless, 
which offers maximum geometrical excitation and 





*Based on P. Martinelli, Radioisotopic Apparatus for 
X-Ray Fluorescence Analysis [Determination] of Low Atomic 
Number Elements, translation No. 69-6/B of French Report 
69-6 PM/JJ (announced September 1969); described also in 
CEA-N-1190 (in French) by A. Robert et al., October 1969. A 
portable X-ray-fluorescence analyzer, developed by J. R. 
Rhodes and coworkers, was described in Jsotopes and Radia- 
tion Technology, 5(4): 280-284 (Summer 1968). See also 
p. 65. 


detection yield, with no solid barrier in the path of the 
low-energy X rays. Electronic equipment is standard, 
pulse heights being analyzed by a multi- or single- 
channel analyzer. 

Radioisotope source strengths range from 0.1 to 5 
mCi. The source used most frequently is **Fe, with a 
2.7-year half-life, which decays by electron capture 
with emission of the manganese K X-ray lines (about 
5.9 keV). Its field of application extends to determina- 
tion of elements down to about magnesium in the 
periodic table. Alpha excitation is especially effective 
for the second-period elements—B, C, N, O, and Ne. 
At present, the alpha sources being used are 71°Po and 
241 Am, with half-lives of 138 days and 458 years, 
respectively. Alpha excitation differs from X-ray ex- 
citation in that the alpha-particle cross section for 
interaction with electronic layers increases as the 
atomic number of the excited element decreases. 

In use of the instrument, silicon has been deter- 
mined with a precision of +0.06% in white cast iron 
and to better than +0.8% in soluble alkaline silicates. 
Sulfur has been determined in hydrocarbons with an 
absolute error of 500 ppM in the 1 to 5% concentra- 
tion range and with a standard error of 7 ppM in the 0- 
to 250-ppM range. Sodium has been determined in 
glass, and starch in synthetic mixtures of starch plus 
magnesia. Both liquids and solids (32-mm-diameter 
pellets) have been found to be satisfactory samples, 
and the instrument can be adapted to continuous 
monitoring of liquid and gas streams. Filters may be 
added if desired, and source changing is a simple 
procedure. (MG) 
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Fig. 1 (a) Diagram and (b) photograph of ARIEL X-ray-fluorescence analyzer. 
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Isotopes in Australia, July 1, 1968-June 30, 1969 


Summarized by Martha Gerrard 


Supplementary Keywords: economics; review, technical; 
worldwide; production, radioisotope. 


The total income from sales of Australian-produced 
radioisotopes was $236,039 in FY 1969 (Table 1), 
more than double that of the previous year [see 
Isotopes and Radiation Technology, 7(1): 111-113 
(Fall 1969)], according to the Australian Atomic 
Energy Commission’s annual report for FY 1969. 
Demand has increased particularly for medical prod- 
ucts, teletherapy °°Co, and '?? Ir radiography sources. 
Total imports were 2281 shipments, twice as many as 
in the previous year, but a large proportion of the 
rapidly rising demand for radioisotopes in Australia has 
been met by production at the Commission’s Research 
Establishment. The Isotope Division has continued to 
concentrate on production of two general types of 
radioisotopes—those with a short half-life, and thus 
difficult to import in the Australasian area, and those 
with very high activities, such as teletherapy °°Co. 


Radioisotope shipments now average more than 
400 per month, and more than half of these are very 
short-lived products, which are delivered to all major 
centers in Australia. The most extensively used radio- 
pharmaceuticals—those containing ??” Tc with a half- 
life of 6hr—are delivered daily to seven Sydney 
hospitals, and there are plans to extend this service to 
other cities. At present, cities other than Sydney are 
supplied with the conventional ??Mo/??™Tc gen- 
erators. Extensive research has been undertaken on 
production of biologically specific pharmaceuticals 
containing °°”Tc, and two new products are now in 
routine production—a new form of °?™Tc—S colloid 
that is free from the occasional patient sensitivity 
found in earlier foreign preparations and °?”Tc- 
labeled macroaggregates of ferrous hydroxide. Produc- 
tion of fission product ??Mo for °°”Tc generators 
increased, and new equipment now being installed will 
allow a 10-fold increase in production. The shortest 
lived radioisotope in regular supply for medical use is 
110-min '*F, which is being delivered daily in Sydney, 
weekly to Adelaide, and occasionally to Melbourne. A 
very-high-specific-activity '?'I is being produced 
which shows high protein-labeling efficiency. This 1°! 
is dry distilled from irradiated presintered TeO>. 


In addition to sales in Australia and New Zealand, 
one °°Co source was supplied to a Japanese 
teletherapy-equipment manufacturer. Cobalt-60 sales 
have equaled about half the total sales for the previous 
8 years. Iridium-192 radiography sources are widely 


Table 1 Production of Radioisotopes by the AAEC, 
July 1, 1968—June 30, 1969 





Total No, 


Use Product of items Value 





In Australia 
Industrial ©°Co and !9?Ir ra- 
diography sources 

Other encapsulated 
sources 287 


Miscellaneous 4,027 
39,749 


$35,435 


Research 69Co radiation 
(non- sources 3,142 
medical) Service irradiations 3,347 
Miscellaneous 7,994 


14,483 

Medical Implants 1,556 
990/99 Te 

generators and 

solutions 39,743 
18F and other 

solutions (74Na, 

131], 32P etc.) 20,703 
Teletherapy sources 33,131 


115,133 
Teaching and 
calibration sources 2,812 


172,177 








1921r radiography 

sources 2,300 
Medical, implants 

and solutions 1,188 
Teletherapy sources 60,147 
Research 227 


63,862 


Exports 





Grand total 236,039 
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used for nondestructive testing in Australia, especially 
in oil- and gas-pipeline construction, and have also been 
sold to New Zealand, Singapore, and Papua. 

The irradiation facilities of the Research Establish- 
ment are available as a service to outside organizations, 
and materials irradiated on behalf of commercial 
organizations included plastic drive belts for record- 
player turntables to prevent stretching in long-term use 
and certain Australian gemstones to improve their 


quality. Gamma-sterilization techniques, besides being 
used for routine sterilization of pharmaceutical prod- 
ucts and soil, were also used for heart valves, bone 
grafts, and other surgical and orthopedic materials. 
Some types of transistors were irradiated to improve 
switching time. Australian gamma-irradiation facilities 
were augmented substantially by the addition of 100 
thousand Ci of ©°Co at the Westminster Carpets Pty. 
Ltd. in Dandenong, Victoria. 
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Availability of Isotopes and Services 


ORNL ENRICHED-STABLE-ISOTOPE 
INVENTORY 


Recent additions to the Oak Ridge National Labora- 
tory (ORNL) enriched-stable-isotope saleable inventory 
include the following: 





Purity, Amount 
%o available, g 





90.8 0.08 
97.9 5.00 
86.8 7.14 
56.5 6.27 


82.3 0.47 
96.3 18.56 


99.2 80.39 
95.9 10.00 
93.1 10.58 
95.7 24.02 





In addition to the regular inventory, ORNL main- 
tains a rather large research-materials collection; for 
further information regarding availability from this 
inventory, write Isotopes Sales Department, Oak Ridge 
National Laboratory, P. O. Box X, Building 3037, Oak 
Ridge, Tenn. 37830. (PSB) 


PATENT SEARCH CAPABILITY 


Supplementary Keywords: data handling. 


The Isotopes Information Center has now added an 
extensive computer search capability to its routine 
information-retrieval service through the purchase of 
IFI/Plenum Data Corporation’s Uniterm Index Mag- 
netic Tape, with AEC funds. More than 11 thousand 
keywords (or terms) have been used to index the more 
than 200 thousand chemical and chemically related 


U.S. patents from 1950 through 1968. Searches are 
being made using one or more of the keywords, 
assignees, Patent Office class and code numbers, or 
patent numbers. Search terms can be assigned an 
arbitrary weight value for identification of the term or 
terms used to retrieve a particular patent. (This is 
particularly helpful when many search terms are 
involved.) 

In a typical printout of a search for patents 
relevant to a given question, the following information, 
in addition to the patent number is given: the total 
weight which indicates the specific terms used in the 
recovery of that patent; the accession number; the 
assignee; the Chemical Abstracts reference number; the 
patent title, together with a short designation of the 
major chemical company assignees (e.g., Carbide, Dow, 
Du Pont); and the total number of patents that 
satisfied the request. This patent search program has 
been extremely valuable in the recovery of patents for 
a process radiation review now in preparation at the 
Isotopes Information Center (expected to be published 
early in FY 1971). 

The Computer Technology Center (CTC), operated 
for the AEC by Union Carbide Corporation Nuclear 
Division, maintains the patent data collection, helps in 
structuring questions, and processes the questions on 
the computer. The CTC also maintains other data 
collections of the Isotopes Information Center. (REG) 


PORTABLE ACCELERATOR 
FOR ACTIVATION ANALYSIS 


A 30-lb unit for use in activation analysis has been 
developed at Texas A&M University in cooperation 
with Sandia Corporation. A 14-MeV generator with a 
28-V power supply provides a flux of about 10° 
n/(cm* (sec). The instrument is designed for analysis 
to a few tenths of a percent of major elements in the 
moon and other solar bodies. 
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NEW DEVELOPMENTS IN PHYSICS 
AND BIOLOGICAL RADIATION 
DETECTORS 


At a symposium in Vienna, Austria, Nov. 23—27, 
1970, experiences of IAEA member states in the 
application of radiation protection programs will be 
discussed. Methods practiced today should reflect 
trends for future development in this field, and it is 
important that these developments become widely 
known and that the relative advantages and disadvan- 
tages of monitoring systems based on them be fully 
discussed. Participants in the symposium will also 
discuss choice of detector and evaluation of perfor- 
mance and reliability under adverse climatic condi- 
tions. It is hoped that emphasis will be on selection of 
relatively easy methods and techniques—both for use 
under a variety of exposure conditions and for evalua- 
tion of dose to individuals in cases of overexposure or 
accident situations. 


U. S. NBS REFERENCE STANDARDS 


Four gamma-ray point-source standards have 
recently been issued by the U.S. National Bureau of 
Standards especially for the calibration of Ge(Li) 
detectors. The standards, which consist of the radio- 
nuclide between two 0.006-cm-thick layers of poly- 
ester tape, are: 


203119 (SRM 4208, $83), 6 x 10° dis/sec in June 1969 
88y (SRM 4209, $77), 4 x 10° dis/sec in May 1969 
©°Co (SRM 4210, $86), 2 x 10° dis/sec in April 1969 
22Na (SRM 4996-B, $79), 3 x 10° dis/sec in April 1969 


Three additional gamma-ray point-source standards 
have been reissued: 


203119 (SRM 4995-C, $83), 1.5 x 10° dis/sec in June 1969 
88y (SRM 4998-E, $77), 1 x 10°dis/sec in May 1969 
22Na (SRM 4991-C, $79), 6 x 10° dis/sec in April 1969 


Two other standards issued are: 


63Ni (SRM 4226, $148.50), 1.5 x 10° dis/sec per gram of 
solution on May 27, 1968. It is supplied as a glass ampule 
containing 4.1 g of a solution, in 1M HCl, of 84mg of 
carrier plus 63Ni. 

38pu (SRM 4906, $158), 1.4.x 10° to 3.4.x 10° dis/sec at 
time of calibration, These are practically weightless alpha- 
particle sources of 238py electroplated on a 0.010-cm-thick 
foil cemented to a 2.5-cm-diameter, 0.16-cm-thick monel 
disk. 


The standards may be purchased from the Office of 
Standard Reference Materials, Room B308, Chemistry 
Building, National Bureau of Standards, Washington, 
D. C. 20234. 


INTERNATIONAL NUTRONICS HAS 
STERILIZATION CONTRACT 


International Nutronics, Inc. (IN), at its new Palo 
Alto, Calif., plant will terminally sterilize for Smith 
Kline Instruments sealed plastic tubes of distilled water 
in an enzyme blood-test kit. IN is considering expand- 
ing into gamma irradiation of enzymes for the deter- 
gents market. It has installed a pilot plant for sewage 
processing for the town of Menlo Park, Calif. 


NEW LABORATORY-SCALE 
'37Cs IRRADIATOR DESIGN 


Radiation Machinery Corporation is offering a 
series of gamma irradiators—the Gammators—which 
provide exposure rates up to 150 thousand rads/hr, 
with even higher rates available in custom installations. 
The gamma radiation source is '*7Cs as the chloride. 

The Gammator B (Fig. 1), which provides an 
irradiation rate of 35 thousand R/hr, contains a 400-Ci 
source. Material is irradiated in a plastic container, 
which is placed on a turntable and rotated 180° to 
position it in front of the source for full exposure. For 
lower dose rates, the turntable is rotated less than 
180°. 





MAIN 
BIOLOGICAL 
SHIELD 


A ROTATABLE 


SHIELD 

















TURNTABLE 


Fig. 1 Gammator B—Radiation Machinery’s 137, 35- 
thousand-R/hr gamma irradiator. 
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The radioisotopic source is completely contained in 
two concentric stainless-steel capsules, which are 
locked in a third cavity by a shielding plug. 


©°Co SOURCE AVAILABLE ON LOAN 


The Atomic Energy Commission will lend high- 
specific-activity °°Co heat sources to industrial firms, 
research organizations, and educational institutions for 
research and development use. Further information 
concerning the program is available from the Manager, 
Savannah River Operations Office, U.S. Atomic En- 
ergy Commission, P. O. Box A, Aiken, S. C. 29801. 


STANDARD LUMINESCENCE 
REGULATIONS 


The British Standards Institution (2 Park Street, 
London, W.1) has issued a booklet (6 pages of text) 
stating requirements for instruments having hands 
and/or dials bearing radioactive luminous substances. It 
is entitled “Specifications for Radioluminous Time 
Measurement Instruments, Part 1. Instruments Bearing 
Radioactive Luminous Materials” (BS 4333: Part 1: 
1968, 6 shillings). Radionuclides permitted are *H, 
'47Pm, and *?°Ra. Permissible levels of these nu- 
clides, casing requirements, luminosity requirements, 
and certain test methods are included. 


RADIOISOTOPE INSTRUMENT 
FOR IN-VITRO DIAGNOSIS 


Picker Nuclear (1275 Mamaroneck Avenue, White 
Plains, N. Y. 10605) is marketing its Hemolitre, a 
precision instrument for use with isotopes in in-vitro 
measurements of blood volume and for such tests as 
the Schilling for primary pernicious anemia (°7Co- 
labeled vitamin B, 2), thyroid tests using '?°I or '3'I, 
plasma disappearance, red-cell survival, fat metabolism, 
iron-binding capacity, and body-water measurement. 
The use of in-vitro tests eliminates exposure of a 
patient to radiation. 


GAMMA-IRRADIATION FACILITY 
EXPANSION 


Radiation Technology, Inc. (RTI), has reported 
that its Canadian subsidiary, Radiation Technology 
(Canada) Ltd., plans to double its St. Hilaire, Quebec, 
radiation processing capability. Full-scale production is 


expected to begin by June 1970. The new installation 
will use a processing approach that will permit annual 
production of over 350,000 square feet of Radwood 
wood plastic composite floor tiles along with over 
100,000 square feet of Radstone concrete polymer 
decorative tiles. The pilot facility is to serve as a basis 
for a major production facility to be constructed later 
this year in order to meet growing demand. The U. S. 
and Canadian market for wood parquet flooring has 
been estimated at about $40 million per year, while the 
terrazzo market has been placed at over $400 million. 
Tests have been made on another product expected to 
be produced in quantity, Radcrete, for structural items 
such as building blocks and architectural facade, water 
and drainage pipe, and railroad ties. The properties 
most important for use in railroad ties include a factor 
of 4 increase in tensile strength, a doubling of the 
modulus of elasticity, and virtual inertness to atmo- 
spheric and brine corrosion coupled with an extreme 
resistance to freeze—thaw damage. 

RTI is also beginning to sell a new research facility 
aimed at university and industrial research markets. 
The Radtank will be provided by the company in a 
number of interchangeable configurations at prices 
ranging from $25 thousand to more than $100 
thousand and will use °°Co or '7Cs as the source. 

In the 9-month period from mid-1969 to early 
1970, the number of RTI’s customers for enzyme 
sanitization and for disposable medical product steril- 
ization each increased 66%; for cosmetic product 
sterilization, 300%; and for miscellaneous service irradi- 
ations, which often becomes the big business of 
tomorrow, 60%. The increase in sterilization is related 
to recent Food and Drug Administration’s and indus- 
try’s comments on the potential hazards of residual 
ethylene oxide gas now used for sterilization, as well as 
to the deeper sterilization possible with radiation and 
the feasibility of sterilizing in the final package. 

A spin-off from the RTI permanent-press process, 
which may have been given added glamor due to the 
wash results, is the development of a permanent wave 
and/or hair-straightening formula based on existing 
process technology. RTI is seeking suitable partners to 
exploit this development. 

RTI has also developed a new family of products 
that they expect to market nationally early in 1970. 
These Radfast products include polymer fasteners, 
rivet devices, and joiners made from cross-linked 
thermoplastic, semicrystalline materials, such as poly- 
ethylene, which are given the so-called “memory” 
effect by either electron or gamma irradiation. The 
material of these devices is similar to the shrinkable 
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tubing or shrink-film products. Another interesting 
process developed is one for selectively or totally 
removing dye colors from polyester or acetate ma- 
terials (Chameleon Process). This process is being 
marketed by Scientific Textiles Systems, Inc. 


INDUSTRY EXPANDS °°Co 


IRRADIATION FACILITIES 


A report by the Atomic Industrial Forum (AIF) on 
nuclear industry developments in 1969 indicates that 


commercial irradiation facilities have expanded ex- 
tremely rapidly. The acceptance of radiation-hardened 
wood plastics (primarily flooring products), the use of 
radiation in production of chemicals and plastics, and 
radiation sterilization of medical products have been so 
widespread that some feared a temporary shortage of 
®°Co, according to Carl Goldstein, who prepared the 
news release for AIF. For further information, contact 
Carl Goldstein, Atomic Industrial Forum, Inc., 
850 Third Ave., New York, N. Y. 10022 (telephone 
212-754-1075). 


AEC Activities 


ARGONNE USES ACTIVATION 
ANALYSIS TO ANALYZE FISH 
FOR POLLUTION CONTROL 


As part of the nation’s overall pollution-control 
problem, the AEC’s Argonne National Laboratory is 
analyzing fish from various regions of the Great Lakes, 
using thermal-neutron activation analysis, to determine 
the types and amounts of metals present. The metals 
may come from industrial waste or from chemical 
fungicides and pesticides used in agriculture. The 
analyses are conducted on ashed fish, and the data are 
processed by a computer to give an overall picture of 
the dispersion and types of metallic-element pollution. 


©°Co MADE AVAILABLE FOR 
FOOD-PRESERVATION RESEARCH 


Fifty thousand Ci of ©°Co is being loaned by the 
USAEC to the University of Massachusetts for use in 
basic and applied research on the preservation and 
public health aspects of food and food products. 
Studies will be conducted for the AEC on the foods 
themselves, their individual components, and organisms 
that cause spoilage. 


USED ?°?Cf NEEDLES TO BE LOANED 
TO UNIVERSITIES 


In addition to loans already made to commercial 
and research institutes [/sotopes and Radiation Tech- 
nology 7(2): 245 (Winter 1969—1970)], the AEC is 
making available to educational institutions on an 
extended loan basis small quantities of **?Cf. The 


material to be loaned is currently at The M.D. 
Anderson Hospital and Tumor Institute, Brookhaven 
National Laboratory, and the Hospital of the Univer- 
sity of Pennsylvania, where its effectiveness, as an 
implanted source, for cancer therapy is being studied. 

The needles will be returned around 1971, when 
they will contain less than 1 yg of californium, whose 
recovery would be uneconomic. 

Because of the potential benefit to educational 
institutions and the AEC’s californium market evalua- 
tion program, these sources will be made available 
under an existing loan program offering a wide variety 
of nuclear material to universities. The opportunity 
will thus be provided for students to become familiar 
with the handling, features, and applications of this 
isotope. In addition, other uses of the material may be 
found. 

In addition to loaned californium sources, direct 
sale of 1 ug or less of the isotope may be arranged with 
Oak Ridge National Laboratory for $100 per 0.1 ug. 

The Savannah River Operations Office will coordi- 
nate the loan of the needles. Representatives of 
universities interested in the program should write to 
the Manager, Savannah River Operations Office, U. S. 
Atomic Energy Commission, P. O. Box A, Aiken, S. C. 
29861, or to the Director, Division of Nuclear Educa- 
tion and Training, U.S. Atomic Energy Commission, 
Washington, D. C. 20545. 


252Cf PROGRESS 


The second issue of this publication [see /sotopes 
and Radiation Technology, 7(4): 471, for announce- 
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ment of first issue] (January 1970) includes papers on 
the use of 7°? Cf in radiotherapy, neutron radiography, 
natural resources exploitation, and process control and 
news items related:to 7°*Cf development. The third 
issue (April 1970), besides giving recent news about 
252Cf, discusses applications developments under the 
AEC’s market-development program. These include 
studies on radiation therapy (Brookhaven National 
Laboratory), neutron radiography (Argonne National 
Laboratory), natural-resources exploration (U.S. Geo- 
logical Survey, Texaco Inc., Schlumberger Technology 
Corporation, and University of Georgia), process con- 
trol (U.S. Bureau of Mines and Gulf Research and 
Development Company), and education (Georgia Insti- 
tute of Technology). The publication may be obtained 
from Manager, Savannah River Operations Office, U.S. 
Atomic Energy Commission, P. O. Box A, Aiken, S.C. 
29801. 


INTEGRATED WASTE MANAGEMENT— 
WATER RECOVERY SYSTEM 


An integrated waste management—water recovery 
system—for a 4-man, 180-day mission—using radio- 
isotopes for thermal energy is the subject of an 
AEC—NASA~—AF contract with General Electric Com- 
pany, expected to last about 3 years and to cost about 
$850 thousand for the total government effort. The 
design, development, and fabrication are to be done by 
GE, and testing will follow at a government facility by 
government personnel. The leading radioisotope candi- 
date is 7**Pu, whose decay heat would be used to 
incinerate waste. The recovered water would be repro- 
cessed, along with human and solid wastes (food 
containers, etc.). 


ENERGY SOURCE DEVELOPMENT 


Hittman Associates, Inc., has been given two 
multiyear contracts from the AEC for over $750 
thousand to pursue development of materials for 
nuclear and aerospace applications. One material under 
development would provide protection from reentry 
heating for radioisotope fuel capsules used in aerospace 


nuclear power systems; the other program is on 
development of materials and devices to vent helium, 
which is generated in decay of alpha-emitting radio- 
isotope fuels. 

TRW, Inc., has a $9.4 million contract from AEC 
for final design and development of a radioisotopic 
thermoelectric generator (RTG) for use on the Navy’s 
advanced Transit navigation satellite. The power supply 
will be a 7?*Pu fuel capsule and a thermoelectric 
energy-conversion system. The Transit RTG (Fig. 1) 
will be designed for a 5-year operating life, with 30 W 
of power, and will weigh less than 30 lb. 








Fig. 1 TRW’s model of the Transit RTG it will build for the 
Navy’s navigation satellite. 
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NEW NEUTRON RADIOGRAPHS 
TECHNIQUE FOR LOCATING HYDROGEN 
IN LOW CONCENTRATIONS 


Hydrogen concentrations as low as 150 ppm 
(Fig. 1) can be pinpointed in metals with Hysen 
Service, a new nondestructive testing technique offered 
by General Electric Company’s Irradiation Processing 
Operation in Pleasanton, Calif. The modified neutron 
beam and imaging system used in producing a Hysen- 
graph selectively increases the sensitivity to hydrogen 
so that the system is a factor of 10 to 20 more sensitive 
than that of ordinary neutron radiography, where 
about 1500 ppM is the smallest concentration that can 
be determined. 

Hysen Service, in which a reactor neutron beam 
passes through the object examined and forms an 
image of it on a photographic plate, can be particularly 
valuable in work with such materials as titanium, 
zirconium, and steel. For instance, airframe welds and 
zirconium-clad reactor fuel can be inspected for hy- 
driding and hydrogen embrittlement with a 
Hysengraph. 

Additional information may be obtained from 
Hysengraph, General Electric Company, Irradiation 
Processing Operation, Pleasanton, Calif. 94566 or 
telephone 415-862-2211, ext. 4224. 






































Fig. 1 Pinpointing hydrogen in low concentrations. 


COSMETIC STERILIZATION 


Purchase by Gamma Process Company, Inc., of 
Dunn Laboratories, a cosmetics manufacturer, will 
bring together the know-how of the two companies to 
produce bacteria-free cosmetic products. Sidney Oscar 
Dunn, president of Dunn Laboratories, became con- 
cerned about Food and Drug Administration findings 
of bacterial contamination in cosmetics—61 contami- 
nated products in 250 tested. Dunn stated, “‘There is 
only one solution to this problem and that is to 
sterilize the finished product, after it has been sealed. 
Since sterilization by conventional means is impracti- 
cal, the only possible way to sterilize the finished 
product is by radiation processing.” 


ENERGY SOURCE FOR HIGHWAY 
DEICING 


Dynatherm Corp., Cockeysville, Md., has received a 
$96 thousand contract from the Federal Highway 
Administration for a comparison of the use of nuclear 
wastes and other heat sources for deicing bridges, 
ramps, and pavements. The project is expected to take 
about a year. Dynatherm specializes in heat-transfer 
systems and is working in new technologies, such as the 
“heat pipe.” Its president, Milton Prayda, and other 
company officials are from the former Martin Co.’s 
Nuclear Division. 


EUROPEAN STERILIZATION PLANTS 


Atomic Energy of Canada Limited (AECL) has 
orders for two irradiation plants in Europe—one from 
Gammaster for a facility in Utrecht, Netherlands, and 
one from Johnson & Johnson for a plant in Stockholm, 
Sweden. 


°°Sr ACOUSTICAL BEACON FOR OCEAN 
INSTALLATIONS 


Nuclear Materials and Equipment Corp., subsidiary 
of Atlantic Richfield Co., has developed a long-lived 
underwater acoustical beacon. The beacon is powered 
by °°Sr and is designed to operate for up to 10 years 
without refueling at depths down to 15 thousand ft, 
delivering an‘ ultrasonic signal with a peak acoustic 
output of 2W about every 2 sec. One of the $10 
thousand devices has been delivered to the Navy anda 
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second is to be anchored off the Washington coast at 
Project Sea Use (Cobb Seamount), a joint govern- 
ment—industry underwater research program. 


BROWN ENGINEERING STUDYING 
(n,y) REACTION THEORY 


Brown Engineering Co. has a continuation contract 
with the Marshall Space Flight Center for calculations 
of secondary gamma production by neutron interac- 
tions with materials. 


BOOKS 


Fundamentals of Radiation Protection, by H.F. 
Henry, published by John Wiley & Sons, Inc., New 
York, September 1969 (485 + xvii pp., $17.50). 


Supplementary Keywords: textbook; effect of radiation on 
material; effect of material on radiation; dosimetry; physical 
property; safety; isotope use; isotope detection and determina- 
tion; statistics; isotope user; history. 


Fundamentals of Radiation Protection has been 
written to introduce the reader not only to the 
technical aspects of radiation protection (including its 
physical and biological bases) but also to describe 
briefly the principles that will guide the implementa- 
tion of a radiation-protection program and to help the 
novice understand some of the implications of actions 
taken with respect to matters of national and interna- 
tional concern as they are presented in the public press 
and elsewhere. The author hopes that the treatise will 
help to place in proper perspective the actual impact of 
radiation on society—-somewhere between promises, 
on the one hand, of a utopian tomorrow, and a danger 
so great, on the other hand, that it menaces any kind 
of tomorrow. Hopefully the reader will be able to 
make his own reasonable evaluations of the future, 
which is clouded by apparently contradictory data and 
suffers from the voicing of the opinions and recom- 
mendations of the whole gamut of political, sociologi- 
cal, economic, and other self-interest groups. 

The contents of the text include a short introduc- 
tion that comprises background material—history of 
radioactivity, dangers of radioactive material, current 
radiation protection activities, etc. This is followed by 
two sections that deal primarily with physical data: 
Atomic Structure and Nuclear Transformations, Radio- 
activity and Fission. Next come discussions of General 
Effects of Radiation on Cells, Physical Aspects of 
Radiation Exposure, Background and Other Radiation 
Exposures, Effects of Acute Total-Body Radiation 


Exposures, Long-Term Somatic Effects of Radiation, 
and Genetic Effects of Radiation. 

The next several units cover Permissible Exposure 
Limits, Internal-Exposure Evaluation, Radiation Detec- 
tion and Measurement, Principles of Personnel Moni- 
toring, Principles of Environmental Monitoring, and 
Fundamentals of Radiation Intensity Reduction. 

The last chapters include four that discuss Guides 
to Practical Protective Measures, Offsite Monitoring 
and Surveys, Plant Emergencies, and Administration 
(i.e., basic aspects of a health-physics program, general 
activities of a health-physics group, records, etc.), and 
two chapters entitled Nuclear Weapons and Benefits of 
Radiation. Of particular note in connection with the 
discussion of radiation effects is the statement (and 
warning) in Chap.9 that “It is thus a not illogical 
position that the conclusions, frequently so glibly 
stated, which imply that all radiation is harmful to the 
individual or to the human species simply have not 
been validated.... Extrapolation of data can give 
results, but this does not mean that a fact has 
necessarily been discovered. Failure or refusal to 
consider data that disagree with some predetermined 
concept is a cardinal sin.” As a matter of fact, in an 
earlier chapter the author indicates that he does not 
agree with the widely stated conclusion that all 
radiation is genetically bad, suggesting that extrapola- 
tion of experimental data from high-dose effects to 
(unsupported by data) low-dose effects cannot be 
conclusive. 

All in all, Fundamentals of Radiation Protection 
contains a tremendous wealth of detailed information 
and appears to have accomplished what the author set 
out to do. Dr. Henry, incidentally, is presently Chair- 
man of the Department of Physics, DePauw University, 
Greencastle, Ind., but for more than 10 years was head 
of the Radiation Hazards and Safety Department at the 
USAEC’s Oak Ridge Gaseous Diffusion Plant, operated 
by Union Carbide Corporation. (PSB) 


Handbook of Radioactive Nuclides, published by The 
Chemical Rubber Company, Cleveland, Ohio, 1969 
(960 + xiii pp. $27.50). 


Supplementary Keywords: data compilation; medicine; indus- 
try; review, technical; bibliography; isotope use; isotope user; 
material property; safety; IDC publication; effect of radiation 
on material; effect of material on radiation; dosimetry. 


An addition to CRC’s long list of “Handbooks” is 
the recently published Handbook of Radioactive Nu- 


clides, edited by Yen Wang, Director, Department of 
Radiology, Homestead (Pa.) Hospital. The 960-page 
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compendium includes 10 chapters, starting out with 
Nuclear Data and finishing with a section on Reference 
Data, which cover such items as signs and symbols of 
interest in radiation and radioactivity, fundamental 
constants, the standard man, radioactive decay, a 
comparison of lead and concrete as gamma-ray ab- 
sorbers, and decay curves for radioactive materials. 

In between are units on Essential Physics Data 
(radiation interaction with matter and statistical 
aspects of nuclear counting); Nuclear Instrumentation 
(radiation detectors and equipment, radioisotope 
counting and calibration, personnel monitoring, 
whole-body counter systems, radioisotope cameras, 
etc.); Radiation Dosimetry (radiation absorbed-dose 
calculations for biologically distributed nuclides, radia- 
tion doses from administered radionuclides, and dose 
from ingestion or inhalation of soluble radionuclides); 
Biochemistry (standards of activity, isotope dilution 
analysis, sample preparation for liquid scintillation 
counting, and synthesis, stability, and storage of 
labeled compounds); Radionuclides for Medical Appli- 
cation (measurement of cerebral blood flow, brain 
scanning, endocrine studies, investigation of cardio- 
vascular disease, respiratory studies, gastroenterologic 
diagnosis, studies of the osseous and cartilagenous 
systems, and techniques as applied to the hemato- 
poietic and genitourinary systems); Radionuclides for 
Industrial Applications (characteristic effects of radio- 
nuclides, availability of isotopes, and applications in 
numerous industries, agriculture, and aerospace); 


Radiation Protection and Regulations (basic units of 
radiation measurement, radiation protection guides, 
methods for estimating exposure, facilities required for 
various types of operating personnel dosimetry, trans- 
portation of radioactive materials, radioactive-waste 
disposal, and emergency planning and procedures. Also 
included are 10 appendixes dealing with procedural 
items); and Radiation Injury and Its Management. 

The writing and editing were done by more than 30 
acknowledged experts in the various areas covered. It is 
hard to imagine anything that has been left out of this 
comprehensive document. (PSB) 


FRENCH ISOTOPIC POWER 
GENERATOR “MARGUERITE 20” 


The Marguerite 20, a 2500-kg generator, was developed 
in France to supply the power required to operate the 
remote controls and telemonitoring systems of a 
Zakum oil-field wellhead in the Persian Gulf. It is an 
electric generator with a 780-W(t) heat source gener- 
ated by a 130-thousand-Ci °°Sr source. The source is 
four strontium titanate cylindrical elements doubly 
encapsulated in Haynes 25 alloy. The biological shield 
is lead. The source is housed in a molybdenum heat 
collector sunk in a heat insulant through which 
germanium-silicon thermoelements pass. The whole 
forms part of the copper-block heat well. The assembly 
is housed in a stainless-steel vessel. The thermopile has 
a power of 20 W with a 24-V output. (MG) 
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AEC Critical Review Series 


SOURCES OF TRITIUM AND ITS BEHAVIOR UPON RELEASE TO THE ENVIRONMENT 


by D. G. Jacobs, Oak Ridge National Laboratory 


The author surveys the published information on tritium production and the major factors affecting tritium’s 
behavior in the environment. He projects tritium production in an expanding nuclear power economy and esti- 
mates the impact of increased production on local and worldwide populations. 


Contents 


Properties of Tritium and Tritium Compounds 
Sources of Tritium Production and Its Release Index 
Procedures for Tritium Enrichment 
Monitoring Practices and Instruments 
for the Detection and Assay of Tritium 
Movement in the Environment 
Projected Tritium Production in a Nuclear Power 
Economy and Its Impact Upon Local and 
Worldwide Populations 


REACTOR-NOISE 
ANALYSIS IN THE 
TIME DOMAIN 


Nicola Pacilio 
Argonne National Laboratory 
Comitato Nazionale per l’Energia Nucleare 


Recent research and new instrumentation emphasize once again the 
importance of time-analysis methods in the study of neutron noise. The 
second book in the AEC Critical Review Series is therefore a timely 
summary and evaluation of past and present research in this field and 
an indication of future developments in noise analysis. 


The author organizes the state of the art of time analysis into four 
main categories under which he describes 15 different methods. For 
each method he gives the mathematical formulation, the means of data 
collection, and the experimental procedure. More important, however, 
he interprets the results and looks ahead to the uses, limitations, and 
potentialities of each method. With this added dimension the book 
becomes a valuable guide for reactor personnel. (102 pp., 18 figs., 
paperbound, chronological list of references. ) 


Summary and Conclusions 


Available as TID-24635 from: 


Clearinghouse for Federal Scientific and Technical 
Information 
Springfield, Virginia 22151 $3.00 








FOUR MAIN CATEGORIES 


I: Time-correlation analysis among the 
neutron-detection pulses 


II: Analysis of the moments 
of neutron distribution 


III: Analysis of the probability 
of neutron detection 


IV: Correlation analysis among the signs 
of the fluctuations 


The contents also include: 
General considerations on reactor-noise 
analysis 
Synopsis of neutron statistics methods 
Conclusions 
Index 





Available for $3.00 as TID-24512 from 


Clearinghouse for Federal Scientific and 
Technical Information 
Springfield, Virginia 22151 
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AEC SYMPOSIUM SERIES 


Available for $3.00 each from the Clearinghouse for Federal Scientific and Technical Information, 
National Bureau of Standards, U. S. Department of Commerce, Springfield, Virginia 22151 


1 


Progress in Medical Radioisotope Scanning (T!ID-7673), 
Oak Ridge Institute of Nuclear Studies, 1963 


Reactor Kinetics and Control (TID-7662), 
The University of Arizona, 1964 


Dynamic Clinical Studies with Radioisotopes (TID-7678), 
Oak Ridge Institute of Nuclear Studies, 1964 


Noise Analysis in Nuclear Systems (TID-7679), 
University of Florida, 1964 


Radioactive Fallout from Nuclear Weapons Tests (CONF-765), 
U.S. Atomic Energy Commission, 1965 


Radioactive Pharmaceuticals (CONF-651111), 
Oak Ridge Institute of Nuclear Studies, 1966 


Neutron Dynamics and Control (CONF-650413), 
The University of Arizona, 1966 


Luminescence Dosimetry (CONF-650637), 
Stanford University, 1967 


Neutron Noise, Waves, and Pulse Propagation (CONF-660206), 
University of Florida, 1967 


Use of Computers in Analysis of Experimental Data 
and the Control of Nuclear Facilities (CONF-660527), 
Argonne National Laboratory, 1967 


Compartments, Pools, and Spaces in Medical Physiology (CONF-661010), 
Oak Ridge Associated Universities, 1967 


Thorium Fuel Cycle (CONF-660524), 
Oak Ridge National Laboratory, 1968 


Radioisotopes in Medicine: In Vitro Studies (CONF-671111), 
Oak Ridge Associated Universities, 1968 


Abundant Nuclear Energy (CONF-680810), 
Oak Ridge Associated Universities, 1969 


Fast Burst Reactors (CONF-690102), 
The University of New Mexico and American Nuclear Society, 1969 


Biological Implications of the Nuclear Age (CONF-690303), 
Lawrence Radiation Laboratory, 1969 


Radiation Biology of the Fetal and Juvenile Mammal (CONF-690501), 
Battelle Memorial Institute, 1969 


Inhalation Carcinogenesis (CONF-691001) 

Oak Ridge National Laboratory, 1970 

Myeloproliferative Disorders of Animals and Man (CONF-680529) 
Battelle Memorial Institute, 1970 

Medical Radionuclides: Radiation Dose and Effects (CONF-691212) 
Oak Ridge Associated Universities, 1970 
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AEC Symposium Senies 


MEDICAL RADIONUCLIDES: RADIATION DOSE AND EFFECTS 


Edited by Roger J. Cloutier, C. Lowell Edwards, and Walter S. Snyder: 


This volume contains the proceedings of a symposium held at Oak Ridge Associated Universities December 8—11, 
1969. The 32 papers presented cover the basic principles of calculating radiation dose from administered 
radioactive materials; the effect of age, sex, disease, and pharmaceuticals on radiation dose; and the biological 
effect of radiation as related to pharmaceuticals. The book is of interest to anyone in nuclear medicine. (528 
pages, 142 ilius., Library of Congress Catalog Card Number 70-606556) 


CONTENTS 


The Development of Radiation Dosimetry in Nuclear Medi- 
cine 

General Considerations in Calculation of the Absorbed Dose 
of Radiopharmaceuticals Used in Nuclear Medicine 

Estimation of Absorbed Fraction of Energy From Photon 
Sources in Body Organs 

Decay-Scheme Analysis for Use in Estimating Internal Dose 

Beta-Ray Dosimetry Calculations With the Use of Point 
Kernels 

Standard Man—Standard Patient 

Postmortem Studies of Radionuclides in Man 

Whole-Body Counting 

Total- and Partial-Body Counting of Children for Radio- 
pharmaceutical Dosimetry Data 

The Dosimetry of Selected Procedures Using X Rays and 
Radioactive Substances 

Determination of Radiation Dose and Assessment of Clinical 
Results After Radioiodine Treatment 

Beta Dose to Spinal Cord and Nerve Roots in 131)_usa 
Cisternography 

Dosimetry Considerations for Radioisotopically Labeled Or- 
ganic Compounds 

Distribution and Radiobiological Behavior of Colloids and 
Macroaggregates 

Handling, Uses, and Radiation Dosimetry of Xenon-133 

Problems in Evaluating the Radiation Dose for Radionuclides 
Excreted by the Kidneys 


Dose to Various Segments of the Gastrointestinal Tract 

Dose to the Cell Nucleus from Tritiated Thymidine 

Radiation Dose from Radioisotopes in the Blood 

Determination of Absorbed Dose to Bone and Red Bone 
Marrow 

Dose and Damage in Long-Term Radium Cases 

Late Effects Following the Medical Uses of Colloidal 
Thorium Dioxide 

Dose—Effect Modifying Factors in Interpreting Medical 
Exposures 

Tumorigenic Effects of Small Amounts of Radiation 

Cytogenetic Effects of Low-Dose Internal and External 
Radiations 

Late Effects of Radioiodine Therapy 

Leukemia in Patients with Polycythemia Vera Treated with 
Radioisotopes 

The Design of New Radiopharmaceuticals 

Survey of the Diagnostic Use of Radionuclides in Humans 

Activities of the Medical Internal Radiation Dose Committee 
(MIRD) of the Society of Nuclear Medicine 

Some Remarks on the MIRD Schema for Absorbed-Dose 
Calculations for Biologically-Distributed Radionuclides 

The Future of Radioisotopes in Medicine: Benefits vs. Risks 





Available for $3.00 as CONF-691212 from 


Clearinghouse for Federal Scientific and Technical 
Information, Springfield, Virginia 22151 
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Nuclear Science Abstracts 


The U. S. Atomic Energy Commission, Division of Technical Information, publishes Nuclear Science 
Abstracts (NSA), a semimonthly journal containing abstracts of the literature of nuclear science and 
engineering. 


NSA covers (1) research reports of the U. S. Atomic Energy Commission and its contractors; (2) research 
reports of government agencies, universities, and industrial research organizations on a worldwide basis; 
and (3) translations, patents, books, and articles appearing in technical and scientific journals. 


Complete indexes covering subject, author, source, and report number are included in each issue. These 
indexes are cumulated and sold separately. 


Availability of NSA 


SALE NSA is available on subscription from the Superintendent of Documents, U.S. Government 
Printing Office, Washington, D.C. 20402, at $42.00 per year for the semimonthly abstract issues and 
$38.00 per year for the cumulated-index issues. Subscriptions are postpaid within the United States, 
Canada, Mexico, and all Central and South American countries, except Argentina, Brazil, Guyana, French 
Guiana, Surinam, and British Honduras, Subscribers in these Central and South American countries, and 
in all other countries throughout the world, should remit $52.50 per year for subscriptions to 
semimonthly abstract issues and $47.50 per year for the cumulated-index issues. The single-copy price for 
the abstract issues is $1.75 postpaid, with this exception: Add one-fourth of $1.75 for mailing to the 
countries to which the $52.50 subscription rate applies. 


EXCHANGE NSA is also available on an exchange basis to universities, research institutions, industrial 
firms, and publishers of scientific information. Inquiries should be directed to the Division of Technical 
Information Extension, U. S. Atomic Energy Commission, P. O. Box 62, Oak Ridge, Tennessee 37830. 
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